We review the progress in the last decade in the field of planetary lightning. We provide background covering terrestrial lightning and newly discovered associated phenomena such as sprites. We concentrate on the theory and observations regarding lightning at Jupiter, especially the discoveries made by the Galileo orbiter and entry probe. Recent observations of Titan's atmosphere and a theory of possible lightning at Titan are reviewed. We discuss the potential for lightning detection by the Huygens probe that will enter Titan's atmosphere in 2005. Directions for future progress in planetary lightning are outlined.
Introduction
If 2002 is a typical year, lightning will kill about 150 Americans, and set over 10 000 forest fires and cause hundreds of millions of dollars in damage in the US alone (Williams 1988) . Lightning is often powerfully destructive. Where and when lightning will strike cannot yet be predicted, and it affects the lives of nearly everyone on Earth. Lightning strikes the Earth 100 times each second, and most everyone on Earth has witnessed the loud thunder and bright lightning flash. Lightning strokes are a local phenomenon, but one with a global effect as they transfer charge from the Earth to the ionosphere, acting as a generator in the global electric circuit between Earth's surface and the upper atmosphere (Muhleisen 1977; Bering et al 1998) . Electromagnetic waves generated by lightning discharges enter the Earth's magnetosphere, and resonate with the energetic electrons in the radiation belt, scattering them so that they are no longer trapped by the magnetic field. Lightning alters the chemistry of Earth's atmosphere, converting over 10 10 kg of N 2 gas to NO and NO 2 each year (Borucki and Chameides 1984) . Because lightning can dissociate N 2 molecules, it has been implicated in the formation of amino acids on the early Earth (Miller 1953; Bar-Nun et al 1970; Barak and Bar-Nun 1975) .
Terrestrial lightning has been studied via the extremely low-frequency (ELF), very-lowfrequency (VLF) and high-frequency (HF) electromagnetic waves it generates, through its optical flash, as well as acoustically and through analysis of objects struck by lightning. Lightning is not merely an Earth-bound phenomenon, though, but seems to be common in planetary atmospheres. Lightning has been positively identified by its optical and VLF radio signatures at Jupiter, and by its HF radio signatures at Saturn and Uranus. Lightning is also believed to take place at Neptune, based on the VLF radio signatures there. The situation for Venus is controversial and is discussed below. It is likely that the chemistry of other planets' atmospheres and the structure of their magnetospheres are affected by lightning in them, as they are on Earth, making lightning an important component in planetary study. At the same time, the other planets are an important laboratory in that we can compare their lightning with terrestrial lightning, and learn about the fundamental properties of the cloud charging and the electric discharge itself.
Lightning on other planets has been reviewed by Bar-Nun (1981) , Levin et al (1983) , Williams et al (1983) , Rinnert (1985) , Russell (1991) and by Russell et al (1993) . The purpose of this paper is to review the progress in the field of planetary lightning since these reviews were written. The case for lightning at Venus was thoroughly reviewed by Russell (1991) and Russell et al (1993) . At the time of these reviews, the primary evidence for Venusian lightning came from impulsive VLF radio signals detected by the Venera 11-14 landers as they descended through the atmosphere, and by Venera 12 on the surface (Ksanfomaliti 1979 (Ksanfomaliti , 1983 Ksanfomaliti et al 1983) . The Pioneer Venus orbiter also detected impulsive radio signals, some similar to whistler wave modes at 100 Hz, and some similar to sferics at frequencies of 0.73, 5.4 and 30 kHz. The amplitudes of these signals decreased with the orbiter's altitude in a manner consistent with electromagnetic waves between the electron gyrofrequency and the electron plasma frequency originating below Venus's ionosphere (Russell et al 1989) . (See section 3 for an explanation of whistlers, sferics, and the ionosphere.) The Venera 9 orbiter provided spectra of optical flashes (Krasnopolsky 1983) . These optical flashes either had considerable spectral structure or varied faster than the instrument could scan, but nonetheless could be consistent with lightning generation in the 1-5 bar levels of Venus's atmosphere (Borucki et al 1996) . But optical searches using the Pioneer Venus orbiter's star sensor were consistent with the expected false-alarm rate (Borucki et al 1991) .
After the Russell (1991) and Russell et al (1993) reviews were written, the Pioneer Venus orbiter entered Venus's atmosphere, in October 1992. During its last two orbits, Pioneer Venus flew at 130 km altitude, below Venus's ionosphere. During the last orbit, VLF signals intermittently reached intensities of 10 −4 V 2 m −2 Hz −1 , 1000 times more intense than any signals of the previous orbit. These signals have been interpreted as being produced by lightning (Strangeway et al 1993) . Neither the Venera probes nor Pioneer Venus could receive HF signals that could have penetrated the ionosphere. In 1990, the Galileo probe flew by Venus, and in 1997 and in 1998 the Cassini probe also made flybys. Both probes did carry HF receivers, and impulsive HF signals were detected by both Galileo (Gurnett et al 1991) and Cassini (Gurnett et al 2001) , but could not be unambiguously identified with lightning. Optical searches were not made by the Galileo and Cassini probes, but Hansell et al (1995) used a ground-based 1.5 m telescope to search for lightning during the 1993 Venus apparition. Six flashes were detected near 777.4 nm with optical energies ranging from 1 × 10 8 to 2 × 10 9 J. For comparison, terrestrial lightning flashes typically range in energy from 5×10 5 to 1×10 7 J. Lightning may yet be the correct interpretation for these data, but the case for lightning on Venus remains controversial (e.g. Hunten 1995) . Despite the new observational data, the occurrence rate of Venusian lightning remains unknown. Progress in resolving the central controversy of Venusian lightning will probably require either an extensive ground-based optical search, or an orbiter with camera and HF receiver.
Even less progress has been made in the study of lightning on many other planets. Martian duststorms are a possible location of detectable electrical activity (Melnik and Parrot 1998; Farrell et al 1999) , but no radio signals associated with lightning have been reported. Radio signals detected by Voyager 2 have provided compelling evidence for lightning at Uranus (Zarka and Pedersen 1986) , although optical searches have failed to detect lightning there (Smith et al 1986) . Little progress on the issue has been made since then. At Neptune, dispersive VLF radio signals recorded by Voyager 2 have been intepreted as whistler modes propagating through Neptune's ionosphere (Gurnett et al 1990) , although no optical detections of lightning have been made at Neptune. These observations are consistent with the predictions of the level of lightning activity based on the amount of convection energy available to drive thunderstorms (Borucki 1989) . Alternatively, the dispersive radio signals at Neptune have been interpreted recently as Z-mode radiation of magnetospheric origin (Farrell 1996) . A model of lightning in Neptune's atmosphere suggests that pressures in the water clouds where lightning is expected to occur are too high to permit lightning-like electric discharges (Gibbard et al 1999) . New data are probably needed to resolve the issue of lightning on Neptune.
We focus our attention in this paper to the progress made on lightning on Jupiter, since the Galileo probe has greatly advanced our understanding of lightning there, and on Saturn and Titan, where the Cassini and Huygens probes are expected soon to do the same. We compare observations and theory of lightning on these planets with what is known about terrestrial lightning. In section 2, we summarize what is known about the generation of terrestrial lightning and the lightning discharge itself. Electromagnetic signatures of lightning are discussed in section 3, which includes a brief review of new lightning discoveries (sprites, ELVES, and TIPPs) made in the 1990s. In section 4, we discuss the capabilities of the Voyager and especially the Galileo probes, and the scientific results of these missions relevant to the study of lightning. The theoretical interpretation of these observations is discussed in section 5. The capabilities of the Cassini and Huygen missions are discussed in section 6, and the observations these probes are expected to make at Saturn and Titan in 2005 are summarized. We outline directions for future progress in planetary lightning in section 7.
Lightning on Earth
A lightning bolt is the sudden flow of electrical charge between concentrations of charge in clouds or to the ground. Concentrations of charge within clouds begin when small particles acquire minute electrical charges through microphysical processes. If particles with dissimilar charges also have relative motions (imposed by aerodynamic forces), positively and negatively charged particles can be separated to great distances. In thunderclouds on Earth, tens of coulombs of charge can be separated by several kilometers until dielectric breakdown occurs that discharges the electric field between the charge centres. When the electric field builds up to a critical value, the breakdown field, stray electrons colliding with air molecules will ionize them, produce even more electrons, and an avalanche of electrons will be produced that creates a highly conductive, ionized channel between the two charge centres. Charge flows through this channel and the charge centres neutralize each other. The typical amount of charge moved through a channel is over 40 C, with peak currents reaching 200 kA or more. Currents this strong heat the air to incandescence, giving lightning its name. More thorough reviews of the entire lightning generation process can be found in Uman (1969a) , Mason (1971) , Golde (1977) , Magono (1980) , Latham (1981) , Krehbiel (1986) , Uman (1987) and Williams (1988) . Here, we first review the conditions that lead to charge separation. In section 2.2 we discuss the lightning discharge itself. In section 2.3, we discuss the effect of lightning on the atmospheric chemistry.
Charge separation
Electrical discharges have been observed on Earth in a variety of environments, including volcanic eruptions (Anderson 1965; Brook et al 1974) and dust storms (Kamra 1972) . Lightning in these environments is quite rare, though. Most terrestrial lightning is associated with moist air undergoing convection and precipitation, a phenomenon we call a thunderstorm. Convection occurs when the temperature decreases with height faster than the adiabatic gradient, so that even though rising air expands and cools, it remains warmer than its surroundings. Moist convection refers to air containing water vapour; as the air rises and cools, the water vapour in the air condenses, releasing latent heat that keeps the air much warmer than its surroundings. Moist convection can occur in shallower temperature gradients that would otherwise be stable against convection, and in unstable air, moist convection leads to very vigorous convection. Thunderstorms may contain several convective cells, each with a lifetime of about half an hour. Within them, air rises at 10 m s −1 , reaching the top of the troposphere (15 km high) in 15 min. The troposphere is capped by the stably stratified air of the stratosphere. Beneath this lid, the air with condensed water may be squeezed and sheared into an anvil shape. Convection cells are mature when precipitation begins. Water droplets, supercooled water droplets, and ice (hail and graupel) begin to fall, entraining cold air with them in strong downdrafts that choke off the convection and dissipate the convection cell.
Convection is such a prevalent feature of thunderstorms that convection of free charge has long been invoked as the mechanism that leads to particle charging and charge separation within thunderclouds, the other leading mechanism being particle charging due to collisions. The two models are illustrated in figure 1, the particle charging model on the left, the convection model on the right. Wilson (1929) proposed that negative ions produced by cosmic rays were swept up by falling particles, but cosmic-ray ionization is too small in magnitude to produce extensive charge separation (Wormell 1953) . In the convective model (Vonnegut 1953) , positive charges emitted by corona discharges from the ground are presumed to be carried by updrafts to the top of the cloud. The positive charge at the top of the cloud attracts electrons and negative ions produced by cosmic-ray ionizations. These negative charges are then presumed to attach themselves to rain or ice particles carried by downdrafts to the ground. The convective model in part matches one perplexing aspect about thunderclouds: their tripolar structure, with a negative charge region in the middle of the cloud and positive charges at top and bottom. Convection is also consistent with the observation that the altitude of the uppermost positive charge centre increases as a thunderstorm matures (Krehbiel 1986; Williams 1988) . Convection is likely to play an important role in cloud electrification, not just on Earth but possibly Titan as well ; however, it cannot by itself explain the generation of terrestrial lightning. Numerical simulations by Chiu and Klett (1976) and, more significantly, experiments undertaken by Moore and Vonnegut (1977) show that while charges produced at the ground are convected into the interiors of thunderclouds, these convective currents are 100 times too small to explain the magnitude of charge in thunderclouds. Thus, interparticle charging seems necessary.
Charging between two colliding particles can be of an inductive or non-inductive nature. As an example of inductive charging, Elster and Geitel (1913) proposed a model in which ambient electric fields pointing downward within the thundercloud polarize particles so that their top halves are negatively charged and their bottoms positively charged. Large particles fall faster than small particles, and as the large particles overtake and collide with small particles, they transfer the positive charge from their leading edges to the small particles. The small particles retain positive charge and remain aloft, and the large particles carry negative charge downward, causing the electric field to point downward even more strongly. Growth of the electric field can lead to lightning, provided the density of particles is high enough and that small particles can rebound after hitting the lowest, most positively charged portions of the large particles (Chiu 1978) . On the other hand, Latham (1981) cites several workers who dispute the likelihood of the needed rebounds. Moreover, neither the convection hypothesis or inductive interparticle charging seem consistent with one key observation about thunderclouds: unlike the positive charge at the tops of thunderclouds, the negative charge centre at the cloud's centre (the middle layer of the tripole) remains at constant temperature (and altitude) throughout a thunderstorm. Like convection, inductive charging is likely to play an important role in cloud electrification but cannot by itself explain lightning.
Non-inductive interparticle charging is the likely source of cloud electrification, and probably involves ice (see figure 1(a) ). While lightning can occur, rarely, in warm clouds without ice (Foster 1950; Moore et al 1960; Lane-Smith 1971) , in large, extensive cumulonimbus clouds the electrical activity occurs between the −5˚C and −40˚C isotherms (Mason 1971) , implying the presence of ice. The pancake-shaped negative charge region at the centre of thunderclouds is even more tightly constrained: it is quite thin and sharply defined, only a few hundred meters thick, casting doubt on convection of charge into the region. More significantly, this layer always lies between the −10˚C and −17˚C isotherms, regardless of the geographic location of the thunderstorm (Krehbiel et al 1979) . The microphysical charge separation mechanism in thunderclouds almost certainly relies on an interaction between water and ice.
From these facts and a wealth of laboratory data (Jayarante et al 1983; Caranti and Illingworth 1983; Caranti et al 1985; Saunders et al 1985 Saunders et al , 1991 and theoretical work (Baker and Dash 1989; Gardiner et al 1985; Latham and Dye 1989; Williams et al 1991) , one leading candidate for thunderstorm electrification has emerged: the non-inductive charge transfer that occurs when ice crystals collide with and bounce off of riming graupel (ice onto which supercooled water is freezing). The ice crystals are typically several microns in diameter, while the graupel may reach 0.2 mm in diameter. The reasons for the charge transfer are not well understood, but may be related to the processes occurring as the graupel is heated by the freezing of supercooled water on it and the release of latent heat. The temperature difference between the graupel and colliding ice may be what drives a flow of negative charge from the ice crystal to the graupel. The charge transferred to graupel per collision with ice crystals depends on the temperature of the ice crystals and of the environment. Formulas have been derived by Jayarante et al (1983) , Keith and Saunders (1989) and Saunders et al (1991) , and are quite complicated. Common to these formulas, though, is the recognition that it is possible for the sign of the transferred charge to reverse above a certain temperature. For typical conditions, this temperature is ≈−10˚C. The amount of charge typically exchanged per collision is 10-50 fC (∼10 5 electrons). The typical charges on graupel require the particles to undergo some 10 3 such collisions, but this is accomplished rapidly. Field measurements (Uman 1987 ) and numerical models (Tzur and Levin 1981; Yair et al 1995a) show that in terrestrial thunderstorms, electrification of particles is accomplished on the order of 10 min after the initial precipitation within the cloud.
The precipitation that leads to the interaction of ice and riming graupel also leads to the separation of the two types of particles. The bulk of the negative charge within the cloud tends to remain with the large graupel particles near the −5˚C isotherm in the pancake-shaped layer only several hundred meters thick. Ice crystals, which experience a large drag force per unit mass, being light, are carried by convection to the tops of thunderstorms, where they create a large pocket of positive charge at altitudes of 10-14 km, above the negative charge centre. An additional but weaker positive charge centre resides at the base of the clouds, below the negative charge centre, at or near the 0˚C isotherm. The negative charge centre and the lower positive charge centre remain at constant altitude, probably because of the sensitivity of the charge transfer process to the temperature. The positive charge centre at the top of the cloud is there by virtue of advection, and its altitude increases as the storm matures. From the ground, the thundercloud looks negatively charged, and the ground beneath the thunderstorm acquires a strong positive charge, in contrast to the fair weather case, when it is negatively charged. The charge density in the negative charge centre can reach 10 C km −3 , and the total charge stored in the cloud can exceed 100 C (Uman 1987) . The electric field beneath the cloud points upward with a strength that exceeds 10 4 V m −1 , up from the fair-weather electric field of 10 2 V m −1 , which points downward.
The intense electric field in the highly charged regions soon leads to the ionization of the air molecules. Stray electrons, produced by cosmic rays or other natural sources of ionization, are accelerated in the electric field until they collide with an air molecule of N 2 or O 2 . In low electric fields, the electrons simply bounce off of the molecules, but if the electrons have acquired sufficient kinetic energy from the electric field, they can strip electrons off of the molecules they hit and further increase the number of electrons available for collisions. This cascade reaction is known as an electron avalanche, and the electric field needed to initiate it is called the dielectric breakdown field. A theoretical form for this breakdown field E is given by Cobine (1958) in terms of the pressure p and the primary ionization coefficient α:
where α, A and B are constants specific to the gas in question. For N 2 , A = 1460 m −1 Torr −1 , B = 3.65 × 10 4 V m −1 Torr −1 and α = 2000 m −1 . This formula predicts a breakdown field in dry air at p = 1 atm (≈760 Torr) of 4.4 × 10 6 V m −1 , close to the value measured in the laboratory, 3 × 10 6 V m −1 . The breakdown field measured within clouds is lower than this value for several reasons. First, the pressure is lower than 1 atm in the regions where the electric field is greatest. Second, the particles themselves may initiate corona discharges due to their high charges. Within thunderstorms, when the electric field reaches 3 × 10 5 V m −1 , the lightning discharge is triggered (Winn et al 1974; Dye et al 1989) .
The lightning discharge
Lightning flashes discharge the negative charge that builds up in the thunderstorm's centre, either to the ground or to the positive charge centres in the cloud. Cloud-to-ground flashes are the most familiar type of lightning, but they are not the most frequent form of lightning; intracloud lightning is more common by a factor of 2-6, depending on latitude (Prentice and Mackerras 1977) . Each of these flashes is really several electric discharges occuring in rapid sequence along the same path. Each discharge is termed a stroke and the sum of the strokes is termed the flash. Rarely, discharge above the cloud also happens. In this section, we discuss the electrical nature of these discharges.
A step leader is the first phase of cloud-to-ground lightning discharge of the cloud's negative charge to its image in the ground. Propagation of this step leader, which ionizes air as it goes, proceeds fitfully. Currents of 200-300 A flow in straight paths 50-100 m in length, the charge propagating at a small fraction of the speed of light, but then the charge will pause for ∼0.3 ms before heading off on a new path in a different direction. The direction chosen appears to be sensitive to the local distribution of charge . At this stage, a large negative charge has been accumulated in the leader channel and is ready to be discharged to the ground. After ∼30 ms, the step leader finishes its jagged path to the ground, having travelled about 5 km at an average speed ∼100 km s −1 . After the step leader creates an ionized channel between the cloud and ground, a powerful return stroke starts. The negative charges stored in the ∼1 m wide step leader channel flow through a few mm wide channel to the ground, neutralizing the negative charge channel at a velocity of 6 × 10 7 m s −1 (0.2c), with a peak current ∼20 kA, decaying after about 20-50 µs. While the current is flowing, it heats up the gas in the channel by Ohmic dissipation to temperatures 3 × 10 4 K, and the gas within a channel a few mm in diameter glows visibly. The lightning discharge has now made an incandescent filament out of thin air, illuminating the landscape. Dart leaders may immediately propagate along the same channel, triggering more return strokes. It is common for several (five is typical [Berger 1977] ) return strokes to propagate along the same channel. These return strokes are separated by some 40 ms, and the lightning discharge lasts some 0.2 s in all. This flickering of the lightning channel is sometimes detectable by the naked eye.
Intracloud lightning proceeds in a similar way. The step leader in an intracloud discharge (called a streamer) is followed by several recoil streamers which propagate at speeds of 2 × 10 6 m s −1 over channel lengths of several km with peak currents of 1-4 kA (Ogawa and Brook 1964) . These recoil streamers decay more quickly than cloud-to-ground return strokes, and there are usually more streamers per discharge (6-20) than in the cloud-to-ground case. Each transfer of charge along a recoil streamer is known as a K change. Each K change lasts 1-3 ms, and results in a change of the electrical moment of 8 C km.
Electrical discharges into the stratosphere do not produce the thin, ionized columns of air recognized as lightning lower in the clouds, but rather more diffuse discharges. Thin beams near the tops of thunderstorms can propagate as high as 50 km, creating blue jets, discovered in 1994 . Also confirmed in this decade are the red glowing sprites, discharges associated with thunderstorms, at altitudes ≈70 km, with straight 'tendrils' extending below them pointing downward (Franz et al 1990; Sentman and Wescott 1995) . These discoveries are so new that the theory behind them is incomplete, and we discuss only their observed characteristics in the next section, on electromagnetic signatures of lightning.
Impact of the discharge on atmospheric chemistry
The electric discharge within thunderstorms can significantly alter the chemistry of the atmosphere through several means. First, the gas in the current-carrying channel itself is heated to spectroscopically constrained temperatures ∼3 × 10 4 K (Orville 1966 (Orville , 1968 . Chemical compounds there are thermally dissociated into their respective atoms. Second, the UV radiation emanating from this region can photodissociate molecules in the vicinity of the channel. The radicals UV photodissociation produces recombine to form more complex molecules. Studies (Stark et al 1966; Sobral et al 2000) suggest that this is the major energy source for atmospheric chemistry due to lightning. Finally, thunder, the shock wave associated with the thermal expansion of gas suddenly heated by the discharge, always accompanies lightning. Far from the lightning channel, overpressures reach only a few mbars (Jones et al 1968) , but directly outside the channel, overpressures reach as high as 40 bars (Hill 1971; Bar-Nun and Tauber 1972) . The overpressures drive the shock wave outward. As it passes through ambient gas, the shock wave heats the gas to several thousand K. At these temperatures, the atmospheric molecules are broken into radicals which may recombine to form molecules that are stable at these high temperatures, such as NO on Earth, or acetylene (C 2 H 2 ) and hydrogen cyanide (HCN) on Jupiter.
After being heated or photodissociated, gas cools or is mixed with cooler gas from the surrounding atmosphere. After the passage of the fast-moving shock front, gas cools at a rate ∼10 6 K s −1 (Bar-Nun and Tauber 1972). Often, the compounds produced at high temperatures (e.g. NO x on Earth, C 2 H 2 on Jupiter) are no longer in equilibrium after the gas cools. Chemical reactions attempt to drive these compounds back to their low-temperature equilibrium compounds (N 2 for nitrogen on Earth; CH 4 for carbon on Jupiter). At low temperatures, though, these reactions are often kinetically inhibited. Thus, the abundances for each species are frozen at the equilibrium composition at a high temperature, determined by the kinetics of that species' reactions. In this way, NO x production in Earth's atmosphere has been attributed partially to lightning. The abundances of HCN and especially C 2 H 2 in Jupiter's atmosphere have likewise been attributed to lightning there (Bar-Nun 1975) .
A higher-than-expected abundance of acetylene was one of the earliest indications of Jovian lightning. Recent observations of acetylene in Jupiter's atmosphere strengthen the case that this compound is a chemical signature of lightning (section 6.3). Proof of Jovian lightning soon followed with the detection of optical and radio signatures of lightning, which we review next.
Electromagnetic signatures of lightning

Optical flash
A typical lightning bolt on Earth will dissipate some 5 × 10 8 J of electrical energy, and most of this energy is expended in ionizing, heating and expanding the gas. Only a small fraction (∼3 × 10 −3 ) of this energy is emitted as optical (500-1000 nm) radiation (Krider et al 1968; Borucki and McKay 1987) . Nonetheless, ∼5×10
6 J of optical energy is released per discharge, and this is more than sufficient to be detected from space, as in figure 2. Satellite observations are often used to determine the global characteristics of lightning; for example, on an average, some 1500-1800 thunderstorms are acting around the globe (Muhleisen 1977) .
Optical radiation can also be used to diagnose conditions within the bolt. Spectra of terrestrial lightning during the initial 50-100 µs of the stroke have revealed the spectral lines of ionized and singly excited nitrogen, oxygen and hydrogen, and the continuum radiation (free-free and free-bound) of free electrons (Salanave 1980 ). The width of the H α line is used to estimate the electron density, and the line ratios between various ionized species are used to estimate the temperature. Chemical equilibrium tables can be used to estimate the pressure as well. Molecular radiation from N 2 , OH and CN are also sometimes seen from the continuing currents that flow between strokes. Temperatures near 3 × 10 4 K and pressures >8 atm have been inferred during the first few microseconds of a lightning discharge using these techniques (Uman 1969b) .
Optical phenomena also accompany electrical discharges into the stratosphere (Mende et al 1997) . The most prominent optical displays are the red sprites, confirmed (serendipitously) after a century of anecdotal reports (reviewed in Vaughan and Vonnegut 1989) , by University of Minnesota researchers using a new low-light television system (Franz et al 1990) . These events are characterized by tall (tens of km) columns of red, glowing air (excited N 2 ; Hampton et al 1996) , as bright as an intense aurora, about 10-50 kilorayleighs (Sentman and Wescott 1993) . Sprites rarely occur singly, and a cluster of sprites will put out a total of 1-5 × 10 4 J of optical energy . This is about two orders of magnitude less than the optical energy of the typical lightning bolt, and while sprites can now be detected by ground-based instrumentation, they are much much more difficult to detect than the flash of cloud-to-ground or intracloud lightning strokes. The emission is most intense at altitudes of 65-75 km, extends upward to 95 km, and downward to 40 km, where it connects with blue tendrils pointing toward the cloud tops . Figure 3 illustrates the relative sizes and geometries of thunderclouds, sprites and other associated phenomena. Sprites are found most often over the decaying portions of thunderclouds, and occur in clusters immediately following intense, positive cloud-to-ground lightning strikes (about 1% of all strikes). The sprites persist for just ∼10 ms, but this is orders of magnitude longer than lightning strokes in the lower atmosphere. ELVES are another optical phenomenon, discussed in section 3.2, leading to red light emission at the same altitudes as sprites (Fukunishi et al 1996) . Lower in the mesosphere, just above the thunderstorms, blue jets are seen extending up to 40-50 km . These are narrow (<15˚) beams, presumably of electrons that excite air molecules (Roussel-Dupre and Gurevich 1996) . They are relatively long-lived (200-300 ms), and emit about 4000 J of optical energy, making them harder to detect than sprites.
Sferics
Besides optical flashes, lightning discharges also emit RF radiation over a broad frequency range. Lightning produces RF radiation because in carrying a time-varying current, the long channel acts as an antenna. Lightning is readily detected on Earth at radio wavelengths, through the whistler modes and the sferics RF noise it generates.
The RF noise generated by lightning has a power density that peaks at a frequency near 10 kHz, in the VLF radio spectrum, but which extends from the ELF (<1 kHz) end of the radio spectrum to the VHF (∼100 MHz) end. The ELF and VLF components of this radio noise are confined to the Earth by the ionosphere and are called 'atmospherics', or more commonly, sferics. Only the HF components can penetrate the ionosphere. The term sferics has come to mean directly observed radio noise, and is applied to the HF emissions of other planets.
To gain some understanding of RF emission, we consider the time-varying current that flows through the lightning channel. In a cloud-to-ground return stroke, as much as 10 C of charge is transferred in the short span of 20-50 µs (section 2.2). An empirical formula (used to match measurements of lightning strikes to power lines) describing the current in the channel is one with an exponential rise and decay in time:
with i 0 ≈ 30 kA, α = 4 × 10 4 s −1 and β = 4 × 10 5 s −1 (Bruce and Golde 1941). The main pulse of current equation (2) describes peaks near 15 kA over some 20 µs. The electric field associated with this current that is generated at a distance r is
where M is the electric dipole moment (= 2Qh, with 2h being the distance between the charge centres). The first term is the induction field (r ∼ λ), and the second term represents the radiation field (r λ) (Bruce and Golde 1941; Farrell et al 1999) . The change in the dipole moment can be defined as
where v 0 ≈ 0.25c is the discharge speed (Farrell and Desch 1992) . Using these formulas for the discharge velocity, the electric dipole moment and the current, one can calculate the electric field generated, and take the Fourier transform of it to derive a power spectrum from the lightning discharge. The result is a peak in power at frequencies near 7 kHz, dropping as 1/f as the frequency increases to 40 kHz, and dropping as 1/f 2 above 100 kHz (Dennis and Pierce 1964; Farrell and Desch 1992) . Actual terrestrial cloud-to-ground strokes exhibit this same behaviour, but the turnover to 1/f 2 occurs at 3-5 MHz. This is explained by the random departures from a straight line taken by a lightning channel, called tortuosity, which extends the 1/f behaviour to f turn ≈ 1-10 MHz, depending on the length scale L of the toruosity (f turn ∼ L/c) (Le Vine and Meneghini 1978a,b) . (Alternatively, Warwick et al (1979a) and Hayenga and Warwick (1981) have studied lightning propagation using a radio interferometer and concluded that significant VHF radio noise is produced as electrons are accelerated at the tips of breakdown streamers.) Very similar results are obtained for cloud-to-cloud lightning. Despite the slightly slower current rise times (α ≈ 1 × 10 3 s −1 , β ≈ 2 × 10 5 s −1 ; Farrell and Desch 1992), the horizontal orientation of the channel (Valdivia et al 1997 (Valdivia et al , 1998 , and greater toruosity (Villanueva et al 1994; Mazur et al 1988) , the resultant spectrum peaks in the VLF near 10 kHz (Farrell and Desch 1992) .
The subsequent detection of sferics from space or elsewhere on the planet is strongly affected by the ionosphere that surrounds the planet, because it reflects and absorbs radio waves. On Earth, the ionosphere is composed of several layers of ionized air between 60 and 1000 km altitude. The ionosphere was unknown until proposed in 1902 by Kennelly and by Heaviside to explain how Marconi transmitted radio waves across the Atlantic in 1901. Its properties were first measured in 1924 by Appleton using ground-based radio instruments. Current research has revealed that the ionosphere is composed of several overlapping layers that are created by solar UV and x-ray radiation, energetic electrons from the magnetosphere, and cosmic rays. Because of the rapid recombination of electrons with positive ions below altitudes of 60 km, abundances of free electrons are too low to make a substantial contribution to the atmospheric conductivity. Above these altitudes, more molecules are ionized, and the electron density increases, reaching a maximum at a height of about 300 km. At higher altitudes, the electron density decreases because of the decreasing gas density. The electron density is sensitive to the time of day; typical maximum densities are n e ≈ 10 11 -10 13 m −3 . Electromagnetic waves encountering these layers will either pass through them, be reflected, or absorbed, depending on the frequency of the wave. Reflection occurs when the frequency of the wave is lower than the maximum frequency at which the free electrons in the ionosphere can oscillate, the plasma frequency:
where n e , e and m e are the number density, charge and mass of electrons, and 0 = 8.85 × 10 −12 C 2 m −3 kg −1 s 2 (Chen 1984, p 85) . In the Earth's dayside ionosphere, f P ≈ 10 MHz. LF waves (e.g. from AM radio stations) bounce off the ionosphere, while HF waves (e.g. from FM radio stations or from lightning) penetrate the ionosphere.
Waves that do not penetrate the ionosphere directly are difficult to observe from space, and are generally absorbed by the ionosphere or by the ground, although some may propagate around the Earth before decaying. The electrical conductivity of the ionosphere is moderately high, ∼10 −7 -10 −4 −1 m −1 (Jackson 1975, p 361) . For comparison, sea water has a conductivity ∼0.1 −1 m −1 (Jackson 1975, p 361) , and tropospheric air has a conductivity ∼10 −14 −1 m −1 . This configuration resembles a spherical capacitor, with the Earth and ionosphere acting as moderately conducting plates separated by 100 km. Electromagnetic oscillations of certain frequencies f l will resonate in this cavity:
where c is the speed of light, R E ≈ 6400 km is the radius of the Earth, and l = 1, 2, . . . defines the mode of the oscillation (Jackson 1975, p 363) . In practice, the resistive losses in the ionosphere reduce the frequencies by 22%, so the resonant frequencies are 8, 14, 20, 26, 32, . . . Hz. Predictions of the resonant modes were made by Schumann (1952) , although Nikola Tesla also predicted the existence of resonant waves near 6 Hz and outlined means of detection a century ago (Jackson 1975, p 363) . The first spectrally resolved observations of these Schumann resonances were made by Balser and Wagner in 1960 . Radiation emitted by lightning at these low frequencies will propagate around the entire Earth below the ionosphere, and radio spectra on the ground clearly show these Schumann resonances.
While radio noise has long been associated with lightning discharges, a recent discovery is that lightning also generates electromagnetic pulses (EMPs) similar to nuclear explosions. In fact, it was a during the 1993 Blackbeard experiment on ALEXIS, a nuclear non-proliferation surveillance satellite, that TIPPs, transionospheric pulse pairs, were discovered (Holden et al 1996) . TIPPs are 30-300 MHz emissions from a lightning EMP and its echo (microseconds later) off of the ground; they are some 10 4 times more powerful than ordinary sferics generated by lightning (Russell et al 1998) . The effect of the EMP is also seen in the phenomenon known as ELVES (Emission of Light and VLF perturbations from EMP Sources). The interaction of the EMP with the lower ionosphere generates a superluminally expanding halo of red light at 65-95 km altitude. Such an effect was predicted (Inan et al 1991; Taranenko et al 1993) . The EMP also affects the transmission of VLF radiation through the Earth-ionosphere waveguide, through Trimpi events (Inan et al 1985) .
Whistlers
Lightning-generated electromagnetic waves at frequencies in the VLF or audible range (tens of Hz to tens of kHz) can penetrate the ionosphere over a range of directions of propagation centred on the magnetic field direction, by coupling to the magnetic field. Since these waves travel most quickly at the higher frequencies and more slowly at lower frequencies, the signals produce a characteristic gliding tone when run through a speaker, so that these waves are known as whistlers. They were first discovered in 1919 as interference in telephone communications, and have been reviewed by Helliwell (1965) and Park (1982) .
Electromagnetic waves propagating along the magnetic field can be right-or left-handedly circularly polarized. The electric field vector of right-handed waves rotates clockwise (as viewed along the magnetic field) as the wave propagates. The handedness of the wave determines its phase and group velocities and attenuation as it propagates through the magnetized plasma of the ionosphere. Given an electron density n e and magnetic field strength B, the propagation is mathematically described (e.g. Chen 1984 ) by the dispersion relation, which relates the frequency f of the wave to its wavelength λ:
where the plus sign refers to left-hand waves, and the minus sign to right-hand waves. Here c is the speed of light, and the left-hand side is essentially the square of the index of refraction. The cyclotron frequency f c = eB/2πm e c is the frequency at which electrons spiral around magnetic field lines due to the Lorentz force, and is proportional to B. The plasma oscillation frequency f P (equation (5)) describes an essentially non-propagating, back-and-forth motion of electrons with respect to stationary ions. Both types of motions can affect the propagation of the wave.
In an environment with few electrons, such that f P f , equation (7) reduces to c 2 = f 2 λ 2 , the usual electromagnetic wave in a vacuum. If f 2 P is significant, but the magnetic field strength vanishes, then c 2 = λ 2 (f 2 − f 2 P ), an electromagnetic wave propagating through a medium with an index of refraction different from unity. At very high frequencies, far above the plasma frequency, f 2 P is negligible and the wave acts as an electromagnetic wave and does not couple to the electrons in the medium. As the frequency drops to the plasma frequency, however, electron motions are excited that damp the energy of the wave, and the index of refraction increases. Below the plasma frequency, the index of refraction is formally negative and no wave propagation is possible. This situation is illustrated in figure 4 , which plots the square of the phase velocity divided by the speed of light (f 2 λ 2 /c 2 ), as a function of frequency f . The index of refraction is essentially c/(λf ), so this plot also yields the index of refraction. It has been assumed that f P = 1 MHz and f c = 10 kHz. At frequencies f > f P , the left-and right-hand polarizations behave similarly, but as the frequency drops to a cutoff frequency f L = −f c /2+(f for right-handed waves, the index of refraction becomes very large, and the phase and group velocities go to zero. On Earth, the cutoffs depend on latitude and altitude, as well as time of day, but are on the order of 1 MHz (i.e. f P ) in the ionosphere. For frequencies below the cutoffs, no propagation of left-handed waves along the magnetic field is possible, only attenuation, even at very low frequencies. Propagation below the plasma frequency is also impossible for right-handed waves, except that at frequencies f < f c (the electron cyclotron frequency), right-handed waves alone can couple to the electrons and excite gyrations around the magnetic field. This mode of propagation is called the whistler mode. If a wave is propagating along a magnetic field line that crosses regions of different magnetic field strength, only waves with f less than the lowest value of f c anywhere on the field line can propagate over the entire path. Where the field lines of the Earth's dipole cross the ionosphere, f c ∼ 100 kHz, but the decrease in magnetic field strengths far from Earth means the lowest value of f c is ∼10 kHz (for magnetic field lines intersecting the Earth at ≈5˚magnetic latitude) (Chen 1984) . For frequencies lower than this, the group velocity V g = −λ 2 (∂f/∂λ) of right-handed waves is
where the first term of equation (7) (unity) was neglected (Parks 1991, p 390) . The group velocity is small at frequencies close to f c , because the wave is still resonantly coupled to the electron cyclotron motions. The group velocity is a maximum at the 'nose' frequency (≈0.4f c ), and decreases with decreasing frequency below the nose frequency (as f 1/2 ). Thus, the wave is first detected by radio receivers at the nose frequency, and lower frequencies arrive later, after delays proportional to f −1/2 (higher frequencies are delayed, too). A diagram of a recieved whistler signal, lasting a few seconds, is shown in figure 5 .
When a lightning discharge emits impulsive radiation in the frequency range 100 Hz to tens of kHz, some of this radiation will end up propagating along nearby magnetic field lines. Once it does, this radio wave can travel along a geomagnetic field line and through to the Earth's magnetosphere. Spacecraft detect these whistler waves if they are along the path of the waves through the magnetosphere. In the magnetosphere, energetic radiation belt electrons can amplify whistler waves by as much as 30 dB (Carlson 1987 ; Gately 1992) through wave-particle interactions. The complex interactions between whistler waves and electrons in the magnetosphere may also account for chorus and hiss, reviewed by Shawhan (1979) . Chorus is RF noise that consists of closely spaced, often rising tones, while hiss sounds like static. The source of chorus is thought to be anisotropic energetic electrons in the equatorial magnetosphere beyond the plasmasphere which interact with waves via the electron cyclotron instability (Sazhin and Hayakawa 1992) . Whistler waves are loosely guided by the geomagnetic field lines and tend to travel back down to Earth where the same geomagnetic field line intersects the opposite hemisphere. For example, 15 kHz signals transmitted from Russia are detected in southern Australia (Takeo et al 1990) , and lightning storms in North America are routinely detected in Antarctica, as in figure 5. Waves propagating along the magnetic field can repenetrate the ionosphere, but undirected whistlers propagating not parallel to the magnetic field do not necessarily penetrate below the ionosphere in the far hemisphere. The waves may penetrate however, if they are ducted, or refracted along the magnetic field by enhanced electron densities. The footprints of these density enhancements are typically 100 km by 400 km (Hansen and Scourfield 1989) . 
Voyager and Galileo at Jupiter
Thanks to Voyagers 1 and 2, and Galileo, whistlers and other signatures of lightning have been observed at Jupiter. These spacecraft, and Pioneers 10 and 11, have also advanced our knowledge of the conditions in Jupiter's atmosphere that may lead to lightning. The Cassini mission also flew by Jupiter on December 30, 2000 and imaged cloud systems with lightning (Ingersoll 2001) . These images complemented the images of lightning taken by Voyager 1 and Galileo. The wealth of data obtained by the two Voyagers and Galileo are reviewed here.
Voyager and Galileo
Voyagers 1 and 2 were well-equipped to detect lightning. The planetary radio astronomy experiment (PRA) HF radio receivers (20.4 kHz-1.3 MHz and 2.3-40.5 MHz) were capable of detecting HF sferics (Warwick et al 1977; Warwick et al 1979b) . The plasma wave subsystem (PWS) VLF radio receivers (10 Hz-56 kHz) were designed to search for whistlers (Gurnett et al 1979) . The Voyagers also carried imagers to look for optical signatures of lightning (Smith et al 1979) . The Voyagers approached Jupiter quite closely: Voyager 1 within about 4 Jupiter radii (R J ), or 2.8 × 10 5 km, of the planet's centre, on 5 March 1979; and Voyager 2 within about 9 R J , on 9 July 1979. The close approach of Voyager 1 enabled it to detect whistlers. Both Voyagers also imaged Jupiter's disk, searching for the optical flashes associated with lightning.
The Galileo orbiter arrived at Jupiter in December 1995 and is still on an extended mission. Its abilities to detect lightning in many ways complemented those of Voyager. Compared to the Voyagers, the Galileo orbiter has kept its distance from Jupiter, rarely approaching as close as 9R J (before orbit 22), and often ten times farther out. The greater distance has meant that the orbiter has been ill-positioned to detect sferics or whistlers from Jovian lightning. On the other hand, the orbiter imaged lightning on Jupiter during three separate orbits (3, 10 and 11), has imaged the planet for long periods of time (up to 7 h on its orbit 10 pass), and has surveyed more of the planet. Its camera, the solid state imager (SSI) includes one clear filter (385-935 nm), one red filter (625-705 nm), one green filter (520-600 nm), and one violet filter (385-430 nm), and the response of the SSI to red light exceeds Voyagers' (Klaasen et al 1997) . The resolution, too, of the SSI often exceeded Voyager's, despite the greater distance from the planet, and lightning flashes could be located to within half a degree of latitude. Galileo was also able to confirm that Voyager 1 saw individual flashes, by increasing the exposure time so that flashes appeared as lines in the images (Little et al 1999) .
In addition to the orbiter, Galileo also dropped an entry probe into Jupiter's atmosphere (see review by Young 1998) . The entry probe's lightning and radio emissions detector (LRD) was designed to satisfy a key objective of the Galileo mission: the RF detection and waveform characterization of lightning activity in the Jovian atmosphere (Lanzerotti et al 1992) . The LRD was designed to detect HF and VLF radio, with a single ferrite core antenna that fed a receiver sensitive to frequencies 10 Hz to 100 kHz. Line-of-sight detections of lightning to distances of 10 000 km were expected (Rinnert et al 1979) . The antenna detected the spin of the probe in Jupiter's 2 G magnetic field, and the radio signals were correlated with the orientation of the entry probe. The LRD recorded the amplitudes of the radio signals at three narrowband channels centred at 3, 15 and 90 kHz. The waveform of the radio signal was also recorded if an optical flash or peak in the amplitudes was detected, and also at regular intervals even if not triggered, for reference. On opposite sides of the probe were two optical sensors (photodiodes behind fisheye lenses). The LRD system was tested before launch and also during the flyby of Earth on 8 December 1992 (Rinnert et al 1989) . Unfortunately, noise from the figure 6 . Three minutes later, the entry probe's neutral mass spectrometer (NMS) began sampling the ambient gas from pressures of 0.88 to 3.8 bars, again from 8.6 to 12.1 bars, and from 15.6 bars to the end of the mission 58.6 min after entry, at a pressure of 21.7 bars. The results concerning Jupiter's atmosphere are discussed next to provide a context for the lightning observations.
Jupiter's atmosphere
Jupiter, the largest planet in the solar system, resembles a hybrid between planets and stars. It is a gas giant with no solid surface and an atmosphere made up primarily of hydrogen and helium. Ar, Kr, Xe, C, N and S are also present, at about 3 times their solar abundances relative to hydrogen (Owen et al 1999) . The case for oxygen is discussed below, but even in the waterpoor 'hot spots', oxygen as H 2 O is present at levels 0.4 times solar. Jupiter is still cooling from its formation and radiates nearly twice as much heat as it receives from the Sun. Temperature gradients in its atmosphere are sufficiently large (and negative) that active convection occurs, especially at high latitudes (where the upper atmosphere is colder). Jupiter has water clouds, and the pressures and temperatures near its water clouds are similar to conditions at Earth's sea level. The presence of water clouds and convection provide favourable conditions for lightning. The understanding of the clouds and convection on Jupiter following Galileo were reviewed by Young (1998) , and we summarize the Galileo results here.
Based on the composition of Jupiter's atmosphere, mostly H 2 and He, with a few percent mass CH 4 , NH 3 , H 2 O and H 2 S, three cloud layers were predicted at the altitudes sampled by Galileo: ammonia clouds with a base at about 0.5 bars (associated with the white clouds seen in images of Jupiter); an ammonium hydrosulfide (NH 4 SH) cloud with a base at 1.5-2 bars, and water ice clouds at about 4-5 bars (Lewis 1969a,b; Weidenschilling and Lewis 1973; Atreya and Romani 1985) , as illustrated in figure 7 . Water with dissolved ammonia may form clouds even lower in the atmosphere, perhaps as low as the 8 bar level (Weidenschilling and Lewis 1973) . These predictions are consistent with remote observations of Jupiter, reviewed by West et al (1986) , and with other theoretical models coupled with the Voyager infrared interferometer spectrometer (IRIS) data (Carlson et al 1993 (Carlson et al , 1994 ). Galileo's nephelometry experiment (NEP) did in fact detect three cloud decks (figure 7): a tenuous cloud of micronsized particles between altitudes of 0.46 and 0.55 bars; a thinner layer between 0.76 and 1.34 bars; and a weak but distinctive feature between 1.9 and 4.5 bars (Ragent et al 1998) . These clouds were not nearly as thick as models predicted (or at quite the right altitudes), which raised the question of whether the abundances of heavy elements (and especially water) are near their solar values on Jupiter.
Carbon is the heavy element easiest to measure on Jupiter, because methane does not condense out and is everywhere well mixed with the gas (Gautier and Owen 1989 ). The CH 4 /H 2 ratio was measured by Galileo's NMS to be (2.1 ± 0.4) × 10 −3 (Niemann 1996; Niemann et al 1998) , meaning that C is more abundant on Jupiter (relative to H) than in the Sun by a factor of 2.9. In contrast, sulfur condenses into clouds (by reaction of H 2 S with NH 3 to make NH 4 SH), so its abundance varies with height. The NMS showed H 2 S depleted at the 4 bar level (1/30 times solar), with its abundance increasing with depth to 0.23 solar at 8.7 bars, to solar abundances near 10 bars, and at depth (>16 bars) to a level 2.5 times solar.
Nitrogen is more difficult to measure because ammonia condenses into clouds and so nitrogen abundances vary considerably with altitude. The NMS was not able to reliably measure the abundance of NH 3 . Earth-bound microwave and radio measurements with the Very Large Array indicate the global abundance of nitrogen on Jupiter (relative to hydrogen) is 1.3 times the solar value (de Pater and Massie 1985) . Spectra observed using Galileo's near-infrared mapping spectrometer (NIMS) suggest a nitrogen abundance 1-1.5 times solar at depths up to the 1 or 2 bar level, decreasing rapidly above that (Roos-Serote et al 1998; Irwin et al 1998) . Likewise, the NFR data are best fit by a nitrogen abundance 1-2 times solar between the 3 and 6 bar levels. According to the NFR data, though, nitrogen is strongly depleted at higher altitudes, being a factor of 20 lower at the 1 bar level (i.e. 0.05-0.10 times solar), and another factor of 4 lower at the 0.5 bar level (i.e. 0.01-0.02 times solar). The variation of ammonia abundance with height also has been derived from the attenuation of radio signals from the probe to orbiter, which likewise suggests very high depletions of NH 3 above the 0.4 bar level, but with an increase to about 3 times solar below the 8 bar level (Folkner et al 1998) . Below the presumably NH 4 SH clouds, then, nitrogen seems moderately enhanced relative to solar in the regions sampled by Galileo.
As Galileo sank deeper into Jupiter's atmosphere, it measured abundances of sulfur and carbon that were moderately enhanced above solar, by factors of about 2-3, and found slight enhancements in the abundance of nitrogen as well. The expectation is that oxygen is similarly enhanced, and that water should be abundant at Jupiter. On Earth, the presence of water is favourable for the creation of lightning. Unfortunately, no direct detection of thick water clouds has been made yet, and the abundance and distribution of water on Jupiter have been a mystery since the Voyager flybys. Central to this mystery is the problem of understanding Jupiter's '5 µm hot spots', regions devoid of clouds (and water) that would absorb infrared radiation at 5 µm. Voyager IRIS 5 µm spectra show that the hot spots are dry, with water abundances anywhere from 0.02 times solar (Kunde et al 1982; Drossart and Encrenaz 1982; Bjoraker et al 1986; Lellouch et al 1989) up to possibly 2 times solar (Carlson et al 1992 (Carlson et al , 1993 . These hot spots cover <1% of Jupiter's total surface, and about 15% of the surface area near the equator (Young 1998 ), but as luck had it, the Galileo entry probe entered one of these hot spots (figure 8). Only in this context can the very low water abundances measured by multiple Galileo instruments be understood. Model fits to Galileo's NFR spectra indicate that the water abundance is quite below solar above the 3 bar level, and about 0.06 solar between the 3 and 10 bar levels (Sromovsky et al 1998) . The Galileo NMS measurements have revealed that above the 4 bar level, water was severely depleted at less than 10 −3 times solar, and less than 1% the saturation level Niemann et al 1998) . Galileo NIMS spectra show that between 4 and 8 bars, the hot spots are very dry, with relative humidities of 5-10% (Roos-Serote et al 1998; Irwin et al 1998) . As the entry probe descended through the atmosphere, the water mixing ratio increased to (0.033 ± 0.015) times solar at the 12 bar level, and about ten times higher at 18.7 bars (Niemann et al 1998) , still depleted relative to solar.
Hot spots most probably do not represent the rest of Jupiter. They are often associated with the downflow of dry air from above the clouds Owen et al 1997) . Showman and Dowling (2000) have shown through hydrodynamic simulations how non-linear effects (e.g. Rossby waves) can produce coherent structures resembling hot spots. A temporary increase in high-altitude pressure at latitudes ∼8˚yields structures persisting for 100-200 days about 10 000-15 000 km in diameter that are confined to the equator, propagate eastward relative to the eastward jets at these latitudes, and in many other ways also resemble hot spots. Columns of air entering these hot spots are predicted to be stretched downward but not mix vertically, since they come from statically stable air. Thus, parcels of gas that began at the cloud levels of NH 3 , NH 4 SH and H 2 O (near 1, 2 and 5 bars) would be pushed down to 8, 16 and >20 bars, respectively, explaining why the NMS detected an increase in NH 3 between 1 and 8 bars, an increase in H 2 S from 8 to 16 bars, and a continued increase in H 2 O even to 22 bars. In this model, the thin clouds are remnants of larger clouds in the process of sublimating. In most hot spot models, the air in them comes from high altitudes above where water clouds are expected, so the H 2 O depletions in them do not apply to Jupiter overall. Observations show hot spots' peripheries can be as much as 25 times wetter than their centres (Roos-Serote et al 1998) at high altitudes, and at depth, the NFR spectra showed a marked increase in the water abundance between 10 and 13 bars. Finally, Jupiter's gravitational moments suggest an enrichment of water 2-6 times solar within the molecular envelope (Guillot 1999) . Thus, in spite of the dry conditions at the Galileo probe's entry site, water clouds, which are associated with lightning on Earth, are likely to be prevalent on Jupiter.
On Earth, lightning is often associated with convection. Convective instability requires a temperature gradient steeper than the adiabatic gradient, a situation achieved on Earth when sunlight passes through the air and heats the ground, which then heats the air from below. Since Jupiter lacks a solid surface, sunlight would heat Jupiter's atmosphere from above, inhibiting convection. On the other hand, Jupiter emits 1.7 times as much radiation as it absorbs from the Sun, as determined by Voyager (Hanel et al 1981a) . This heat flux from below is expected to drive convection in Jupiter's atmosphere; in fact, Giersach et al (2000) estimate that a substantial amount of Jupiter's heat flux is carried by moist convection. Convection would be strongest where vertical temperature gradients are greatest, so convection should be strongest at high latitudes, where the upper atmosphere is less heated by sunlight. If convection is required for lightning, this may explain why lightning is not observed near Jupiter's equator. The temperature gradient in the atmosphere was measured by the Galileo entry probe, but was found to be subadiabatic in most places, implying a statically stable atmosphere down to the 18 bar level (Young 1998) . Again, hot spots like the one the probe entered do not represent Jupiter as a whole, and a statically stable atmosphere in the hot spots is a prediction of the Showman and Dowling (2000) model. Convection has been offered as the mechanism for the formation of Jupiter's bright equatorial plumes (Stoker 1986) , and the Voyager images show rapid brightening of some portions of the atmosphere followed by spreading of cloud material, best explained by upwellings, probably due to convection (Avis and Collins 1983) . Upwellings of gas are supported by detailed Galileo images of Jupiter's South Equatorial Belt on 4 May 1999, which have allowed the gas motions to be mapped out. In storms west of Jupiter's great red spot (GRS), the flow of gas above the clouds diverges; since the overlying regions to the diverging flow are stably stratified, the diverging gas must draw up gas from below (Giersach et al 2000) . Convection must therefore occur near the GRS, although lightning has not been detected there.
Lightning detection
Based on the presence of convection and clouds on Jupiter, lightning there was widely anticipated prior to the Voyager missions. The Voyager probes did not disappoint, providing the first concrete evidence of lightning at another world, through detection of optical flashes and whistlers. Voyager 1's camera recorded groups of bright, transient flashes on Jupiter's night side . During two exposures totalling 192 s, 20 events were detected, between latitudes 30˚N and 55˚N Borucki et al 1982; Williams et al 1983; ). Extrapolation suggests lightning occurs at a rate of 4 × 10 −3 km −2 yr −1 , although this represents a minimum rate since perhaps only the brightest flashes were detected. This rate is still far lower than the flash rate on Earth of 6 km −2 yr −1 (Uman 1987; Golde 1977) . Voyager 2 also detected flashes ), but had poorer resolution; it may have detected multiple simultaneous flashes, rather than individual ones (Borucki and Magalhaes 1992) . Still, the optical energy of the flashes, ∼10 9 J (Borucki et al 1982) indicates that lightning on Jupiter is more energetic than on Earth. If the optical efficiency of Jovian lightning is 10 −3 (Borucki and McKay 1987 ) then the energy per bolt is ∼10 12 J, compared with ∼10 9 J for terrestrial lightning bolts. The size of the bright regions in the Voyager images (≈55 km) allowed an estimate of the distance to the lightning flash, from which Borucki and Williams (1986) derived an origin for the lightning flash between the 2 and 5 bar levels.
Detection of lightning by optical means was corroborated by detection of whistlers by Voyager's PWS (Scarf and Gurnett 1977; Gurnett et al 1979) . These whistlers were found while Voyager 1 was between 5.5 and 6.0 R J from Jupiter, inside the Io plasma torus that trails that innermost of the Galilean satellites. The plasma may refract whistlers to the range of radii where they were detected by Voyager 1 (Wang 1997) . Tracing the magnetic field lines back to where they intersect the planet suggests the source of the whistlers was latitudes near 60˚N. The occurrence of whistlers suggests a lightning rate of 4 × 10 −3 km −2 yr −1 (Lewis 1980), comparable to the rate inferred from optical measurements. No HF sferics were detected near Jupiter.
Galileo's many close encounters with Jupiter have confirmed and expanded on the Voyagers' optical detections of lightning. Lightning was imaged on Jupiter's night side during orbit 3, on 9 November 1996, when the Galileo orbiter was 32 R J from Jupiter. Lightning detected on two subsequent orbits was analysed extensively (Little et al 1999) . During orbit 10, on 5 October, 1997, Galileo was almost directly over the night face of Jupiter (phase angle 179.3˚-179.8˚), at a distance of 93 R J . The SSI's resolution was then 67 km pixel −1 (or 133 km, depending on the camera's mode of operation). Better resolution could be had on Jupiter's day side, where Galileo's perijove was situated, but lightning can only be imaged on the night side, requiring phase angles greater than 40˚. Lower-than-optimal resolutions were somewhat inevitable in the lightning images. Additionally, the images obtained in orbit 10 required the turning of the spacecraft to avoid looking through the high-gain antenna and other booms. Despite these difficulties, for nearly 7 h the SSI imaged a cloudscape illuminated by Io and dotted by numerous lightning flashes. Over the course of 2 days during orbit 11, starting on 5 November 1997, Galileo again imaged Jupiter, this time over its terminator. The observations obtained from this orbit proved to be more valuable than previous ones, in part because the probe was much closer to Jupiter during this pass (16-19 R J ) and the imager's resolution much better (down to 23 km per pixel), but primarily because thunderstorms were imaged both during day and night. The structure and motions of clouds seen on the day side of Jupiter were tracked as they moved with the planet's rotation in only a few hours to the night side, where lightning flashes were observed (figure 9). Several new insights regarding lightning generation at Jupiter have come out of the Galileo orbiter images.
The most important insight into Jovian lightning is that lightning seems correlated with dark, elongated patches next to isolated, bright, white clouds that are indicative of rising gas. The bright spots, seen often in the movies made from Voyager images (Avis and Collins 1983) , appear suddenly, expand, and then shear apart a few days later. They almost always occur in cyclonic shear zones (rotation is counterclockwise in the northern hemisphere). One such spot was imaged by Galileo northwest of Jupiter's GRS. This particular bright spot was observed at multiple wavelengths using the filters on the SSI, and it was concluded that the cloud was optically thicker and ∼15 km higher than surrounding clouds (Banfield et al 1998) . The height of a dark patch next to the same spot was also determined. Since the patch was dark in the methane filter, but bright in the continuum filter, Banfield et al (1998) concluded that it must sample warm gas deep in the atmosphere, below the 4 bar level. Presumably, these clouds are water, and the lightning is taking place within the water clouds.
As had been done previously, the depth of the lightning was estimated by measuring the width of the lightning-illuminated spots in each of the Galileo images. The lightning images taken during orbit 11, with resolutions of 23-27 km per pixel, were better than the resolution Figure 9 . A single lightning storm seen on Jupiter's dayside (left) and nightside (right). The same area of Jupiter, labelled with latitude and longitude above, was observed 1 h 50 m later after it had rotated into Jupiter's nightside. The two panels on the right correspond to the white box on the left, and are enlarged by a factor of 2. The bottom right panel was imaged 3 m 38 s after the top right panel. The bright spot on the dayside image is an optically thick cloud perhaps 15 km higher than its surroundings, illustrating the association of lightning with convective updrafts. From the Planetary Photojournal Catalog website (http://photojournal.jpl.nasa.gov/ cgi-bin/PIAGenCatalogPage.pl?PIA01638), courtesy of the National Aeronautics and Space Administration.
in Voyager images (37 km; Borucki and Williams 1986) . Where Voyager measured the halfwidth at half-maximum (HWHM) of the scattered light from lightning to be ∼55 km (Borucki and Williams 1986) , Galileo found a range of HWHMs from 45 to 80 km (Little et al 1999) , implying more scattering than previously thought. A simple model was applied by Little et al (1999) to translate the HWHM measurements into depth in the atmosphere. Conservative, isotropic scattering between optical depths of 1 and the lightning bolt was assumed, and HWHMs of 45, 60 and 80 km correspond roughly to levels 68, 105 and 120 km below the cloudtops. Since the cloudtops are below the 0.1 bar level (West et al 1986; Banfield et al 1998) , depths of 105-120 km refer to pressures of 5-8 bars (figure 7). Lightning seems to take place low in the water clouds, in contrast to the earlier speculation that it occurrs in the ammonia cloud (Rinnert 1985) .
The global distribution of lightning was also studied with much greater statistical significance by Galileo. Galileo observed over 26 storms, each containing multiple flashes and separated from each other by distances ∼10 4 km. Storms were always found either in cyclonic shear zones, as discussed above, or in westward jets. Galileo confirmed the Voyager observation that lightning tended to cluster at latitudes 45-50˚N and 50-55˚S, which correspond to the centres of highly disturbed westward jets, thought to contain numerous convective storms. Eleven of the 26 storms were found near the jet at 47.5˚N. Storms at high latitudes (>55˚) may not occur or may be obscured by haze and clouds. Galileo also confirmed the Voyager finding that lightning and storm activity in general was much less prevalent in the southern hemisphere. Additionally, the GRS, at 20˚S latitude, was imaged during orbit 10, and no evidence for lightning near it was found, although disturbances such as the bright cloud northwest of the GRS were not imaged.
The optical energies emitted by the lightning bolts were quantified much more extensively by Galileo than Voyager, and a distribution of optical energies in individual flashes within two storms was derived. The most energetic flash seen by Galileo had an optical energy of 15.7 × 10 9 J, but flashes ∼10 9 J were an order of magnitude more numerous, and the mean energy was ≈2.6 × 10 9 J (Little et al 1999), consistent with the Voyager results. The total optical power emitted by lightning was found to be 3.0×10 −7 W m −2 , very close to the Voyager estimate of 3.2 × 10 −7 W m −2 (Borucki et al 1982) . The flash rate, 4.2 × 10 −3 km −2 yr −1 , also compares well to the Voyager estimates, ≈4 × 10 −3 km −2 yr −1 (Lewis 1980; Borucki et al 1982) . Laboratory measurements reveal that the optical spectra of lightning discharges are dominated by free-free and free-bound emission (Borucki et al 1985; . As pressures increase from 1 to 5 bar, the line emission diminishes in relative importance (Borucki et al 1996) . Lightning intensities measured in different spectral regions using colour filters (Little et al 1999) are consistent with those predicted by these laboratory measurements (Borucki et al 1985 (Borucki et al , 1996 .
The Galileo entry probe carried with it two light sensors, not designed to image lightning but merely to look for flashes (see . Over 544 peaks in the optical intensity were recorded during the first 256 s of operation, 4 in the second 256 s, and 1 in the fifth 256 s interval. The last pulse was probably a cosmic ray, while those during the beginning of the mission were due to the Sun coming in and out of view as the probe spun. In fact, this periodic signal was used to determine the orientation of the entry probe and correlate radio signals with position. The brightness of the light pulses were above the saturation threshold of the sensors until the probe fell to 3-5 bars. Below the 5 bar level, the light levels plummeted and by the end of the mission, light levels were only 10
−4 of what they were at 5 bars. No light pulses could be identified with lightning.
The Galileo entry probe did succeed in detecting possible radio signatures of lightning using the LRD . These signals were analysed in three ways: statistics of the time intervals in which wideband radio signals had amplitudes greater than a particular threshold and the gaps between those times; narrowband radio waveforms in certain channels, at 3, 15 and 90 kHz; and records of the optical pulses. Statistics of the radio waveforms were sent back to Earth, but only the 11 radio waveforms of highest priority were returned in their entirety before the loss of contact with the probe. The wideband statistics were useful in calibrating the level of electromagnetic interference (EMI) caused by probe subsystems. Attempts were made to minimize noise, but the NFR produced significant amounts of EMI. Measurements of this noise in laboratory EMI clean rooms and during the two Earth flybys showed that the level of noise was acceptable. It affected only the statistics of signals 8-24 µs in duration, and produced waveforms with periods of several milliseconds and amplitudes of less than about 20 nT. The amplitudes of radio noise signals in the Jovian environment were several tens of nT, up to 50 nT, and were greatest at a few hundred Hz. Moreover, the environmental noise at Jupiter produced 100 times the number of radio pulses as the NFR. Still, perhaps 8 out of the 11 recorded waveforms were probably due to interference from the NFR.
The statistics of the narrowband radio signals at 15 kHz were correlated with the spacecraft's orientation, as determined by the optical sensors and the rate of spin measured by the ferrite core antenna rotating in Jupiter's magnetic field. Statisitically significant anisotropies were found during each interval, implying many localized sources of RF signals. The power in each channel decreased as the probe descended, but the power in the 3 kHz channel always exceeded that in the 15 kHz channel, which exceeded that in the 90 kHz channel (which was in fact lost in the noise below the 3 bar level). These measurements suggest that the power spectrum of lightning-produced RF signals does not peak at 10 kHz as it does on Earth, and implies a discharge time of milliseconds for Jovian lightning. Curiously, the power in the 3 and 15 kHz channels reached a minimum at 3-5 bars, the region where lightning was expected. It slowly increased again as the probe descended further, a trend that may help locate the source of the signals. One radio waveform (figure 10), the last of the 11 transmitted to Earth, has been tentatively identified as being from this source. This waveform was measured at the 16 bar pressure level and had an amplitude of 30 nT. There are many uncertainties associated with the modelling of the source of the waveform, but show the waveform is consistent with a bipolar pulse lasting 2 ms, at a distance of 15 000 km. Based on this, they then estimate the energy radiated per pulse as being ≈2.5 × 10 10 J. For an electric discharge over a length ∼7 km to generate a signal with amplitude ∼30 nT 15 000 km away, the current must be ≈6 × 10 6 A. (On Earth, RF signals from lightning with 10 kA of current reach this amplitude at distances of 50-100 km.) The estimated energy radiated based on the radio statistics yield a similar result, ∼10 9 J. The total energy dissipated by the bolt is estimated to be ∼10 12 J. The nature of the radio sources in Jupiter's atmosphere was examined more closely by Rinnert and Lazerotti (1998) , who considered the propagation of radio waves below Jupiter's ionosphere. They used electron density profiles deduced from occultation measurements made during the Pioneer 10 flyby of Jupiter (Fjeldbo et al 1976) , in which a maximum electron density n e ≈ 10 11 m −3 exists about 600 km above the 1 bar level (figure 7). The variation of n e with height is important for determining the refraction of radio waves through the ionosphere. Assuming a magnetic field strength of 2.3 G, the electron gyrofrequency in Jupiter's ionosphere is 6.4 MHz. It was also assumed that the ionized, conducting layer predicted at great depths due to increased pressures and temperatures (Sentman 1990 ) lies beneath a layer of absorbing gas, so that Jupiter does not have a waveguide like the Earth's; only reflections off the ionosphere can lead to propagation of radio signals beyond the horizon. Given these parameters, Rinnert and Lanzerotti then follow the paths along which radio waves propagate in Jupiter's atmosphere, using ray-tracing techniques described in Rinnert et al (1979) . They find that the power density of radio emissions at Jupiter drops off as d −2 for distances from the radio source d < 5000 km, and drops off as d −1 at greater distances, but that considerable increases in amplitude occur at distances d ≈ 15 000 km, due to constructive interference of the waves reflected off the ionosphere (figure 11). At 15 000 km, the amplitude is a factor of 10 over what might be expected without this effect. therefore conclude that this is the most likely distance of the thunderstorms, and that there were no thunderstorms within 10 000 km of the entry probe. There is some consistency between this estimated distance and the mean spacing between storms (∼10 4 km) seen in the Galileo images.
Theoretical models
The observations made by Galileo and Voyager have yielded insights into Jovian lightning that suggest that it operates much the same as on Earth, with water ice particles exchanging charge in convective updrafts. These insights have been incorporated into theoretical models, which we review in this section. These models are not yet to the level where they can predict the lengths of discharge channels, the amount of charge that is neutralized, or the temporal duration of the discharge. On the other hand, until recently it has not been clear why Jovian lightning occurs at the altitudes it does, or why Voyager was able to detect whistlers but not sferics, or what the effect on the chemistry of Jupiter's atmosphere would be. That models can now address these questions represents significant progress in understanding planetary lightning.
Lightning generation
Lightning in Jupiter's atmosphere is most likely to be generated in the water cloud, rather than the ammonia or ammonium hydrosulfide clouds. Rinnert (1985) has pointed out that water droplets have a higher polarizability ( = 80) than ammonia ( = 25), and would be easier to charge inductively (see section 2.1); but terrestrial lightning relies on non-inductive charging and thus the issue of polarizability may be irrelevant. It is the fact that no non-inductive charging mechanism has been identified for ammonia, but has for water, that strengthens the case for the water clouds. More important, the ammonia clouds have low mass content and little vertical motion; the NH 4 SH clouds are also of low mass content and possibly stratiform, ruling out convection (West et al 1986) . The water clouds, while not directly observed, are believed to be quite convective and of much higher mass content. Yair et al (1995a,b) have constructed a two-dimensional, axisymmetric model of Jupiter's water clouds. They tested whether their model could explain observations of lightning in these clouds and concluded that for a restricted range of assumptions, that their model was successful. Their computational domain is a cylinder 100 km in height, with a radius of 50 km, and open boundaries. The base of the cylinder is at the 6 bar level, and hydrostatic equilibrium is assumed initially. A solar abundance of oxygen in the form of water was assumed, yielding a relative humidity of 53% at the base of the cylinder, increasing with height to 100% at the 'lifting condensation level' (LCL) at 5.16 bars. Below the LCL, a slightly superadiabatic lapse rate was assumed, so that convection would be initiated. Above the LCL, a neutrally stable (to moist convection) layer was assumed, and the relative humidity was assumed to decrease linearly with height (so that a cloud did not form throughout the entire region). At the 2 bar pressure level and above, the relative humidity was 5%. Thus, within a subset of the computational domain, the water cloud is in an unstable equilibrium, and prone to convection. The convection was initiated by assuming a continuous updraft in several of the computational cells at the cloud base. After 1 h, the cloud is in the developing stage, with strong updrafts (6 m s −1 ), and a vertical extent of 24 km. After 1.5 h, the cloud has reached the mature stage, and is now 42 km tall, with even stronger updrafts (45 m s −1 ), due to the release of the water's latent heat upon freezing. The updrafts cannot penetrate too far into the neutrally stable layer above the thundercloud, and an anvil shape forms (figure 12). Yair et al (1995a,b) also include a size distribution of ice crystals and graupel (from 3 µm to 8 mm) in their models, and allow for the growth and evaporation of these particle in a very detailed manner. Water droplets can nucleate around cloud condensation nuclei (CCN), which may be NH 4 Cl or Na 2 S crystals (Sagan and Salpeter 1976) or organic polymers of HCN or C 2 H 2 . The density of CCN was set to be 5 × 10 8 m −3 . The water droplets can freeze and form ice crystals, which, if they are large (>250 µm diameter) are called graupel in the model. Water can condense onto the water droplets or the ice crystals, or can evaporate off of them. The freezing of water and the condensation of water vapour release latent heat that can drive strong updrafts (moist convection). The details of moist convection at Jupiter differ from the terrestrial case, as Yair et al (1995a,b) point out, owing to Jupiter's mostly hydrogen atmosphere. Moist air on Jupiter is heavier than dry air (the molecular weight of Jupiter's air is 2.25 g mol −1 , compared to 18.0 g mol −1 for water vapour), which creates a negative buoyancy contrast. The specific heat capacity of Jupiter's air is also quite high (3.2 cal g −1 mol −1 ), and the release of latent heat as water condenses does not warm the air sufficiently to counteract the negative contribution of the condensed mass to the buoyancy, in contrast to Earth. The latent heat released during freezing of water droplets does not change the mass, however, and convection proceeds as usual during freezing. The motions of the droplets are determined after considering the precipitation of the particles, the advection of particles by the winds in the thundercloud, and the diffusion of particles through the gas. The fall velocities are calculated from first principles, and it was found that fall speeds of all particles are much larger on Jupiter than on Earth (because of the higher gravity). For example, a 20 µm water droplet falls at 0.05 m s −1 in Earth's cumulus clouds, but at 0.21 m s −1 at Jupiter. The droplets and ice crystals collide at rates that are calculated in the Yair et al (1995a,b) simulations, and coagulation is also considered. Compared to Earth, growth of droplets by diffusion is much more rapid at Jupiter. In 10 min a 10 µm droplet on Earth will grow to only about 12 µm, while on Jupiter it will grow to 20 µm in the same time. The increased fall speeds and particle growth rates on Jupiter favour Jupiter over Earth for lightning generation. After 1 h, the thundercloud contains graupel concentrations as high as 2.2 × 10 2 m −3 , and mass mixing ratios (liquid drops and ice particles versus gas) of 10.2 g kg −1 near the cloud axis. After 1.5 h, in the mature stage, the graupel particles are considerably more abundant, with concentrations as high as 2.5×10 4 m −3 . In the dissipating stage, after 2 h, much of the water content forms precipitating particles accompanied by downdrafts. It is presumed that the water content is carried to deep levels in the atmosphere.
The exchange of charge between small and large ice crystals is also considered, using the formulation described in section 2.1. Yair et al (1995b) point out that the solution of NH 3 within the water droplets may affect the charge exchange, but this effect is ignored. Once the charge distribution on particles is calculated, a Poisson solver finds the electric potential, and the electric field is derived as the gradient of the potential. The electric field needed to trigger lightning, the breakdown field, is calculated using equation (1), but with parameters appropriate to the molecular hydrogen gas at Jupiter (A = 500 m −1 Torr −1 , B = 13 000 V m −1 Torr −1 , α assumed same as for N 2 ; Cobine 1958). To account for corona discharges from ice particles and water droplets, Yair et al (1995b) assume a breakdown field smaller than this, by a factor of 3, comparable to the effect in the terrestrial environment. The breakdown field in the Jovian atmosphere is then calculated to be 6 × 10 5 V m −1 at 1 bar, increasing to 2.3 × 10 6 V m
at 5 bar. After 1 h, the concentration of charge in the cloud is still small, reaching only 10 −11 -10 −10 C m −3 at the 3.38 bar level. The electric field increases to near the breakdown field there. After 1.5 h, the increased concentration of graupel particles, on which most of the charge resides, leads to a marked increase in the charge density, up to 2.0 × 10 −6 C m −3 at the 2.3 bar level (30 km above the cloud base). Each graupel particle carries about 5 × 10 8 electron charges. In this mature stage, a very clear dipole structure develops, with negative charge in the lower part of the cloud, positive charge near the top of the cloud, and a second layer of positive charge just below the negative charge centre. This is exactly analogous to the usual charge structure of terrestrial lightning storms. The electric field strength also increases above the breakdown field in many locations throughout the cloud. In this stage, lightning is vigorously generated, mostly at the 2.3 bar level. At 2 h, during the dissipating stage, the charge distribution becomes complicated, in part due to the repeated neutralizations of charge by lightning bolts in the model, and also due to the formation of the anvil. Soon after, downdrafts and precipitation dissipate the cloud completely.
Given the charge distributions and electric potentials in a cloud experiencing lightning, it is possible to calculate the energy dissipated per lightning bolt. Unfortunately, the calculation is crude because it is not known how much charge is neutralized per lightning bolt. Scaling from terrestrial lightning, Yair et al (1995b) assume that each lightning bolt neutralizes a column of gas 20 km long and 1 km in radius, centred on the location where the electric field exceeded breakdown. The change in electrical energy averages about 10 12 -10 13 J. The efficiency with which this electrical energy is converted in optical light has been determined by Borucki and McKay (1987) to be 1.2 × 10 −3 , meaning an optical output of 10 9 -10 10 J. These numbers, based on the assumed amount of neutralized charge, compare well with the measured optical energies of Jovian lightning, estimated at 2.5 × 10 9 J and 2.6 × 10 9 J by Borucki et al (1982) and Little et al (1999) .
The theoretical model presented by Yair et al (1995a,b) successfully explains how lightning might be generated in Jupiter's atmosphere, and is particularly valuable for studying the conditions that would help or hinder lightning generation. One parameter altered by Yair et al (1995a,b) is the concentration of cloud condensation nuclei. When the CCN concentration is reduced to only 5×10 5 m −3 , only shallow clouds develop, with low mass contents (3.6 g kg −1 ), and very low charge densities (<10 −12 C m −3 ). The breakdown field is not exceeded, and lightning is therefore absent. A more fundamental parameter is the abundance of water vapour. Higher concentrations of water are found to favour lightning generation, but at deeper levels in the atmosphere. For example, with the water abundance set at 1.5 times solar, the lightning activity is greatest at the 3.3 bar level (not the 2.5 bar level for a solar abundance). Lower concentrations of water inhibit the generation of lightning due to the paucity of graupel particles in the resultant clouds. A minimum concentration of water of some 0.5 times solar seems necessary to produce lightning, which would then proceed marginally at the 2.8 bar level.
These results are echoed by the model of Gibbard et al (1995) , which considers the behaviour of an upwelling plume (5-10 km diamter) within a larger cloud. This onedimensional convection-precipitation plume model cannot reproduce the vertical distributions of charge calculated by Yair et al (1995a,b) , but nonetheless captures the essence of the cloud physics. Similar convective velocities of tens of meters per second are found. A more complicated formula for charge transfer between particles (Keith and Saunders 1989) is used than in Yair et al (1995b) , and the electrical force on particles is also considered. The electrification of the cloud is considered at various altitudes, with a background water concentration about 4 times solar. Only conditions between 2 and 5 bars are considered, because above the 2 bar level, temperatures are lower than −45˚C, and not even supercooled liquid water can persist, while below the 5 bar level, temperatures are above freezing and no ice can persist; the combination of the two is presumed necessary for charge separation. Under these conditions, the electric field exceeds breakdown in roughly 1.5 h if the pressure is between 2 and 3 bars. Breakdown is achieved almost as quickly if the pressure is 4 bars, but takes up to 4 h if the pressure is 5 bars. The breakdown fields are proportional to the pressure, and so the electric forces on particles are much higher under lightning conditions at 5 bars than at 2 bars. The electric forces on particles tend to inhibit the separation of charged particles. For conditions at 5 bars, Gibbard et al (1995) also vary the water content and found that the timescale for lightning generation was roughly inversely proportional to the water content. Consistent with the Yair et al (1995b) two-dimensional results, Gibbard et al (1995) concur that lightning generation is most effective at around the 3 bar level. A greater than solar abundance of water would, according to the Yair et al (1995b) results, favour lightning even deeper in the atmosphere. Theoretical models do indeed suggest that lightning can occur in the water clouds at Jupiter, by the same charging mechanism believed to apply at Earth. The depth of the lightning predicted by these models, below 3 bars, is in agreement with the earlier measurements of Borucki and Magalhaes (1992) .
Radio emissions
Lightning at Jupiter has been repeatedly observed through optical flashes and VLF whistlers. Curiously, though, lightning at Jupiter has not been observed to generate HF sferics, as it does on Earth. Only at Earth has lightning been detected from space in both the VLF and HF. This situation has been explained by Farrell (2000) as arising from differences in the duration of the lightning discharges at each planet. On Earth, the discharge times are of the order of 10-100 µs, and the frequency at which the radiated power spectrum peaks is ∼10 kHz. Much of this VLF radiation can couple to the whistler mode and be detected from above the ionosphere. Radiation that does not couple to the whistler mode can only penetrate the ionosphere if it is of higher frequency than the cutoff frequency of several MHz (see section 3.2). The ratio of power received above the ionosphere at 30 MHz to that at 3 kHz is of the order of 10 −6 .
The ratio of power received at 30 MHz to that at 3 kHz would be similar at Jupiter if the lightning discharge were the same, since the cutoff frequency in Jupiter's dayside ionosphere is similar to Earth's, several MHz. The exact value of the power ratio depends on the spectrum of radio emission generated by Jovian lightning discharges, which depends on the discharge timescale. The fact that Galileo's LRD observed the power in each channel rising towards lower frequencies, even at 3 kHz, implies the discharge time at Jupiter is milliseconds. Farrell (2000) models the radio emission using the Bruce and Golde (1941) discharge model outlined in section 3.2. Under the assumption of a discharge time at Jupiter of ≈1-2 ms, Jovian lightning emissions would have power spectra that peak near 500 Hz, with very little power emitted above the ionospheric cutoff frequency. The ratio of energy at 30 MHz to that at 3 kHz would then be ∼10 −7 . Farrell et al (1999) model the discharge at Jupiter leading to signal amplitudes of tens of µV m −1 at distances of 5 R J . The detection limits of Voyager's PWS receiver ranged from 0.3-2 µV m −1 , depending on the channel (Scarf and Gurnett 1977) . The predicted sferics should have been detected by the PWS receiver. The lack of detection is puzzling, but the discrepancy might be resolved by even slower discharges.
The amplitude of the HF signals in the PRA receiver's detection range would have been 180 dB lower in power, and would have been undetectable. It is therefore possible that the lack of detection of sferics at Jupiter could be due to a long discharge timescale for Jovian lightning. It is not understood how the duration of the lightning discharge could be so different on Jupiter than on Earth, although Farrell cites the example of terrestrial sprites, which have similarly long discharge times.
If the radiation emitted by Jovian lightning peaks at frequencies too low for significant radio emission to penetrate its ionosphere, the model of ionospheric reflection put forth by has greater relevancy. We caution, though, that one assumption of that model was an absorbing region at depth, between the lightning bolts and the hot, conducting gas predicted at great depths (Sentman 1990) . Without this region, the lower, conducting gas could act as the Earth's ground does, to form a spherical wave guide for lightning radio emissions. Schumann resonances would then occur, but because the resonant frequencies are inversely proportional to the planet's radius, the fundamental frequency would be less than 1 Hz and out of the frequency range detectable by the LRD. Resistive losses would shift the resonant frequencies even lower; thus the LRD would not detect Jupiter's Schumann resonances. However, the increase in narrowband channel energies observed by the LRD at depth could be attributed to refraction of previously downward waves back up, if they are not absorbed at depth.
Lightning-induced chemistry
The role of lightning in determining the chemistry of Jupiter's atmosphere has been made much clearer in recent years. Lightning as a disequilibrating agent must be compared to the other major disequilibrating mechanisms, especially photoproduction and photodestruction due to solar UV photons. The relative roles of the two processes can be gauged by looking at the tracers HCN and acetylene (C 2 H 2 ). Lightning produces these chemicals by breaking the stable molecules CH 4 and NH 3 , mainly through UV photodestruction. The radicals so produced recombine into species more stable at high temperatures and energies, HCN and C 2 H 2 . Acetylene may be a tracer of lightning activity, but not above the 15 mbar level, where it can be formed by UV photolysis (Orton and Aumann 1977) . On the other hand, Bar-Nun (1979) and Podolak and Bar-Nun (1988) pointed out that if acetylene extends below this level, to the ammonia clouds, then additional sources of acetylene would be needed at low altitudes, presumably due to lightning. Recently, Betremieux and Yelle (1999) have reported a much more detailed analysis of the vertical distribution of acetylene using a Rayleigh-Raman radiative transfer code to model Hubble Space Telescope observations. They infer that the mole fraction of acetylene drops from 3-4 × 10 −8 at the 20 mbar level to 1-1.5 × 10 −8 at the 20-60 mbar level, consistent with past observations, but also report an increase to 1.5 × 10 −7 in the upper troposphere (>0.1 bar). They claim that after accounting for photodestruction, an upward flux of acetylene must be coming from clouds below the 0.7 bar level. The production of acetylene below this level would outpace photolysis by an order of magnitude. The production of acetylene at depth strongly implicates lightning as a disequilibrating agent. The lightning energy dissipation rate on Jupiter as predicted from the acetylene abundance, estimated as 7.5 × 10 −3 W m −2 (Bar-Nun 1979) , is consistent with the value deduced by Borucki and Magalhaes (1992) , 3.2 × 10 −3 W m −2 . The production of other compounds by lightning has also been contemplated on Jupiter. Amino acids are known to be produced by electrical discharges in reducing atmospheres (Miller 1953) , and behind shock waves as well (Bar-Nun et al 1970; Barak and Bar-Nun 1975) . However, Bar-Nun et al (1984) concluded that amino acid production is hindered by the excess hydrogen in Jupiter's atmosphere, leading to amino acid concentrations in the droplets of Jupiter's water cloud of only 8 × 10 −8 molar. However, the production of such chemicals by lightning in Titan's atmosphere remains a tantalizing possibility.
Lightning in the saturnian system
Lightning on Saturn
Saturn is similar enough to Jupiter that one expects that the copious lightning on the largest planet should exist on Saturn, too. The composition of Saturn's atmosphere is close to Jupiter's, and the same clouds of NH 3 , NH 4 SH and H 2 O are expected to occur at Saturn, in the same order, but with a greater vertical extent due to Saturn's lower gravity (g = 9.1 m s −2 , versus 25 m s −2 ). The water clouds, in particular, should lie between 100 and 200 km below the 1-bar level, at a pressure of 2-3 bars (Weidenschilling and Lewis 1973) . Similar to Jupiter, Saturn puts out much more heat than it absorbs from the Sun (by a ratio of 1.6 : 1), which aids convection. The rotation period of Saturn, 10 h 39.4 m, is similar to Jupiter's, and is sufficiently fast so that convective belts and zonal winds exist on Saturn, too; the winds at the equator reach 500 km s −1 . The presence of water clouds and convection in Saturn's atmosphere would, as on Jupiter, facilitate the generation of lightning. Saturn also possesses a strong magnetic field (equatorial surface fields of 0.2 G), meaning that whistler modes could be detected as they were at Jupiter.
Saturn has been visited by three spacecraft: Pioneer 11, in September 1979; Voyager 1, in November 1980; and Voyager 2, in August 1981 . The Voyagers' PRA instruments recorded chorus and hiss, electron cyclotron emissions, and impulsive RF noise (attributed to impacts on the probes by micrometeoroids), but no dispersive signals (whistlers) were recorded. The imager also recorded no optical flashes despite searches for them, although such attempts may have been thwarted by the thicker clouds at Saturn, or glare from sunlight reflecting off of the rings. On the other hand, both Voyagers did detect unusual radio emissions, called Saturnian electrostatic discharges (SEDs). While these bursts of radio emission followed a Poisson distribution with a mean interval of 5 s, their numbers would increase and decrease episodically with a period of 10 h 10 ± 5 m. The events each lasted 30-250 ms, with a mean of 57 ms, and covered the entire band of the PRA receiver, 20 kHz-40 MHz. Between 10 and 40 MHz, the spectrum was flat, but the signal was of lower amplitude at frequencies below 10 MHz. Despite initially being interpreted as arising in the B ring (Evans et al 1982) , which has an orbital period of 10 h 10 m, the SEDs are now thought to originate in the equatorial belts of Saturn's atmosphere (Burns et al 1983; Kaiser et al 1983) , where strong winds lead to the same rotation period. This is consistent with the observation that the amplitude of the SEDs varied with distance from Saturn, and was a maximum at the Voyagers' closest approaches.
The identification of the SEDs with lightning has encountered two obstacles to acceptance. First, for the components of sferics with frequencies as low as 20 kHz to penetrate Saturn's ionosphere requires electron densities <5×10 4 m −2 . Electron densities in Saturn's ionosphere are generally much greater than this. Occultation experiments by Voyager clearly show a lower cutoff of about 5 MHz on the dayside and about 200 kHz on the nightside. The dayside ionosphere has higher cutoff frequencies because the electron densities are greater, owing to ionizations by sunlight. Consistent with these cutoffs, the strongest components of the SEDs were above 200 kHz when the Voyagers were on the nightside, and on the dayside, the signal was strongest above 4 MHz, although much leakage above 200 kHz from the nightside was detected (Zarka and Pedersen 1983) . In order for sferics below 4 MHz to escape through the dayside ionosphere, the electron density must be reduced, in at least some regions. The shadow of Saturn's rings during the two Voyager missions was positioned between the equator and 10˚S latitude, and covered the same super-rotating equatorial zones in which the storms are supposed to originate. Saturn's rings shadow the equatorial regions from the ionizing light of the Sun, and the cutoff frequency in the ionosphere in the rings' shadow probably dips substantially below 4 MHz, and possibly down to 20 kHz (Burns et al 1983; Kaiser et al 1983) . Thus, in the shadowed regions, the ionosphere electron density might be low enough after all to allow the escape of 20 kHz sferics.
The second obstacle to identifying the SEDs with lightning is the absence of whistlers detected by Voyager. Voyager 1 approached within 3.1 Saturn radii, and Voyager 2 within 2.7, so the two probes should have crossed planet-crossing magnetic field lines along which whistler modes could have propagated. It is possible that the storms are highly localized to Saturn's equator, so that neither Voyager crossed the field lines connecting with the storms. Alternatively, the absence of any signal may be related to the flat spectrum of the SEDs between 10 and 40 MHz, which requires a discharge of much shorter duration than that on Earth. Modelling the sferics' source as a 30 ns discharge, Farrell (2000) has shown that above the ionosphere, the spectrum above about 10 MHz should be flat, and that the power received by Voyager at 30 MHz should have exceeded the power at 3 kHz by a factor of ∼10 6 . The power in VLF radio signals was probably below the Voyagers' PWS detection limits. If the lightning discharge at Saturn is only tens of nanoseconds long, then one would not expect the Voyagers to have detected whistlers.
Assuming the SEDs are indeed lightning-triggered sferics, the energy dissipated by the lightning bolts has been estimated as ∼10 13 J (Williams 1983) , comparable to Jovian lightning (∼10 12 J), and much more energetic than terrestrial lightning. The storms that produced the lightning bolts appear to be active over broad ranges of longitude at any one time, and were probably active the entire nine months between the two Voyager encounters. Thus, it is likely that the nature of the SEDs will be further investigated by the Cassini orbiter, launched in October 1997. Cassini will begin acquiring scientific data in 2004, and will reach Saturn on 1 July of that year. Among the many instruments carried by the orbiter is the radio plasma wave science (RPWS) instrument. The RPWS instrument carries electric and magnetic field sensors, a Langmuir probe, and high, medium and wide band receivers. The observations made by the RPWS as Cassini passed Earth on 18 August 1999, are displayed in figure 13 . Radio signals between 1 Hz and 16 MHz will be detectable by the electric field antenna, and Cassini may be able to better characterize the SEDs, and better probe the ionospheres of Saturn as well as Titan. 
Lightning on Titan
Titan is Saturn's largest moon, and with a radius of 2575 km is larger than even Mercury. Titan also possesses a very substantial atmosphere, with a surface pressure of 1.6 bars (similar to Earth's), and a temperature of 95 K. Titan's atmosphere is 96.8% N 2 , 3.0% CH 4 , and 0.2% H 2 (Lindal et al 1983; Samuelson et al 1981) , and trace amounts of HCN, ethane, propane, acetylene, and other hydrocarbons and nitriles have been observed (Hanel et al 1981b; Maguire et al 1981; Lutz et al 1983) . Titan's entire surface is obscured by a smoglike haze of polymers of acetylene and HCN, and a cloud of methane with perhaps dissolved nitrogen. Laboratory experiments have demonstrated that many of the observed hydrocarbons and nitriles can be produced by electric discharges (Gupta et al 1981; Borucki et al 1988; Coll et al 1995; Navarro-Gonzalez and Ramirez 1997; Fujii and Arai 1999) , although most of these compounds have been explained as the result of photochemistry and charged-particle chemistry Chang et al 1979; Podolak et al 1979; Capone et al 1980 Capone et al , 1981 Capone et al , 1983 Strobel 1982; Sagan and Thompson 1984; Yung et al 1984; Bar-Nun et al 1988) . One notable exception is ethylene, which is more abundant than photochemistry models would predict, by a factor of 40 , and may require production in Titan's lower atmosphere in lightning Borucki et al 1988) . Acetylene, with an abundance of 2.2 × 10 −6 , can be produced by methane photolysis by solar UV irradiation, but HCN, with a relatively large abundance of ≈3.5×10 −7 (Hidayat et al 1997) , requires disruption of the strong N ≡ N triple bond. This might be accomplished by Saturnian magnetospheric particle impacts, or may require lightning discharges. Atmospheric chemistry, as on Jupiter, suggests the presence of lightning on Titan.
The possibility of lightning on Titan is supported by theoretical models and observations of Titan's troposhere in the last decade, which indicate that in Titan's atmosphere methane droplets may suddenly condense and undergo vertical motions. Methane on Titan probably plays a role similar to that of water on Earth, and hydrologic cycles based on methane are possible. Methane's triple point is only 4 K lower than Titan's mean temperature, and clouds should condense at an altitude of about 12 km, and methane-nitrogen condensates should freeze at 80.6 K, at an altitude of about 15 km . The temperature lapse rate is conditionally unstable to moist convection based on the release of latent heat by methane condensation (McKay et al 1997) , meaning that once condensation is initiated, the atmosphere is unstable to further moist convection. Toon et al (1988) also predicted a rapid formation and dissipation of methane clouds at Titan. The need for a trigger, and the resultant updrafts, have been discussed by Awal and Lunine (1994) . An obstacle to the initiation of moist convection is the lack of condensation nuclei in Titan's atmosphere (Courtin et al 1995; Guez et al 1997; McKay et al 1997) . Voyager 1 data suggest that in some places, Titan's troposphere is highly supersaturated, with saturation ratios of 150% (Samuelson et al 1997) . Under these conditions, condensation is inhibited, but once it begins it proceeds rapidly. Near-infrared spectroscopic observations of Titan's albedo show transient enhancements in albedo that have been identified with methane clouds at 15 km altitudes (Griffith et al 1998) . These clouds cover about 9% of Titan's surface, mostly at low latitudes. Later observations (Griffith et al 2000) also showed daily albedo fluctuations, of 1-4%. These clouds had heights of 27 km and dissipated over the course of 2 h, which Griffith et al (2000) attribute to precipitation. Thus Titan may in some places and times contain dense clouds of methane droplets, which then undergo rapid vertical motions.
Recently, Tokano et al (2001) have proposed a model of how lightning could be generated under these conditions. They conclude that, unlike on Earth, the interparticle charging rate is too low to lead to charge separation. The vertical motions of particles in a convective updraft, which are ∼10 m s −1 on Earth and which drive interparticle collisions in terrestrial thunderstorms, on Titan are only ∼1 m s −1 , due to the lower gravity and smaller latent heat of methane compared to water (by a factor of 5). Charging of particles by adsorption of free charge, however, is likely, especially when one considers the likelihood of abundant free electrons in Titan's atmosphere. Electrons produced by ionizations due to galactic cosmic rays or magnetospheric particle impacts will accumulate in Titan's atmosphere due to slow recombination rates and the lack of electrophilic nuclei Molina-Cuberos et al 2000) . These free electrons may be rapidly adsorbed onto methane drops or ice, leaving positive ions with low mobility in the gas. Once the negatively charged methane particles precipitate, they bring a negative charge centre close to the Titan's surface. The existence of an ethane/methane ocean on Titan has been predicted (Lunine 1985) , although the surface is now recognized to be mostly water ice (Lara et al 1994) . At any rate, the surface is expected to be sufficiently conducting that an image charge will form at the surface. It is between the negative charge in the cloud and the positive image on the ground that lightning is predicted to take place by Tokano et al (2001) . They predict electric fields of about 2 ×10 6 V m −1 , probably sufficient to overcome the breakdown field (similar to Earth's), and lightning discharges ∼20 km long. If solar irradiation drives convection with typical planetary efficiencies, 10 −2 (McKay et al 1991), and convective motions are converted to lightning with efficiencies similar to those of Earth and Jupiter, 4 × 10 −6 , then lightning could dissipate an energy of Figure 14 . Plasma frequency f pl in Titan's atmosphere as a function of altitude. The plasma frequency is proportional to the density of free electrons, produced mostly by ionizations due to solar radiation (altitudes labelled '1') or galactic cosmic rays ('2'). Micrometeorites lead to plasma frequencies labelled '3' if atmospheric transport is neglected or '4' if transport is included (Molina-Cuberos et al 1999 ,2001 . Propagation of radiation is impossible for combinations of altitude and frequency in the hatched regions. Only frequencies >500-1000 kHz can propagate from Titan's surface to space. Earlier estimates (the shaded region, Grard et al 1995) had put the cutoff at 3. 1.6 × 10 −7 W m −2 (Grard et al 1995) . However, convection, and therefore lightning, is most probable only at the subsolar point, so the energy dissipation rates are likely to be much lower.
When Voyager 1 passed by Titan on 12 November 1980, no electrical activity was detected during the 50 min Voyager was on Titan's dayside (Desch and Kaiser 1990) . This non-detection may mean that the obstacles to the initiation of moist convection and lightning-producing clouds make lightning a rare event, occuring less than once per hour. Alternatively, there may exist on Titan an ionosphere sufficient to block the escape of all but the highest frequency signals (Grard et al 1995; Molina-Cuberos et al 2001; . The predicted structure of this ionosphere is illustrated in figure 14. Titan's lower atmosphere (below 400 km) is ionized effectively by galactic cosmic rays ; compared to the Earth, the same ionization leads to higher conductivities because the lack of water precludes the formation of negative cluster ions, and the electrons produced by ionization remain free. The peak electron density in this layer yields a peak plasma frequency in the layer by equation (5) of about f ≈ 400 kHz, and radio signals from lightning at frequencies lower than this cannot be observed from space. The upper atmosphere (above 700 km) is also ionized effectively, by solar photons and magnetospheric electron impacts (Ip 1990) ; ionization at about 1000 km altitude blocks any RF signal below about 500 kHz. In addition, intermediate altitudes (500-1000 km) may experience enhanced ionization because of micrometeorite impacts, and may block even higher frequency signals. Grard (1992) predict blockage up to ≈3.5 MHz, but Molina-Cuberos et al (2001) claim that the electron density is two orders of magnitude smaller, and signals are blocked only up to frequencies of 350 kHz to 1 MHz, depending on the details of the charge transport in the atmosphere. consider the details of the lightning discharge on Titan according to the model of Tokano et al (2001) , assuming plausible parameters. Based on their assumptions, a peak of radiated energy at about 4 kHz is predicted. Little power may be radiated above 1 MHz, where the ionosphere is transparent, and sferics may be undetectable, a situation similar to that inferred for Jupiter (Farrell 2000) . Nonetheless, based on their derived waveform and the sensitivity of the Cassini RPWS high-frequency receivers, conclude that Cassini is capable of detecting lightning on Titan if within about 200 Titan radii, or 5 × 10 5 km, on its dayside. The original Cassini trajectory would put Cassini in this position for a total of about 12 h (Lammer et al 2001) . Nevertheless, if lightning peaks strongly in the VLF, or occurs at a rate much less than once per hour, as suggested by the Voyager 1 observations, then lightning detection on Titan may require atmospheric entry.
In late December 2004, Cassini will release the European Space Agency's Huygens probe, which will penetrate the clouds of Titan for the first time on 14 January 2005 (see the comprehensive article by Grard et al 1995;  also the Huygens website http://sci.esa.int/huygens/ for recent mission changes). A parachute will deploy to slow its descent, and scientific instruments will collect data for the 2-3 h it takes for the probe to descend from 170 km altitude to the surface. The instruments on board include a gas chromatograph and mass spectrometer; an aerosol collector and pyrolyzer; a descent imager and spectral radiometer; the surface science package; a Doppler wind experiment; and the Huygens atmosphere structure instrument (HASI). The probe is designed to withstand a landing on either a solid or liquid surface, but the HASI will stop collecting data a few minutes after touchdown. Part of the HASI is the permittivity, wave and altimetry (PWA) analyser, which will be the instrument package most likely to detect lightning. This instrument includes a radar altimeter and other antennas which can measure AC electric fields (0-10 kHz), DC electric fields (0-100 Hz), and the conductivity of the atmosphere, useful for characterizing the aerosols in the atmosphere. An advantage of having the PWA under Titan's ionosphere is that it may be able to detect ELF waves, especially Schumann resonances excited by lightning discharges anywhere on Titan. These resonances would be similar to those observed on Earth, but would be higher in frequency by a factor of 2.5, due to Titan's smaller radius, and therefore would be in the detectable frequency range. Finally, lightning may be detected acoustically by a microphone mounted on the PWA, through the thunderclaps it produces, although it is unlikely that the Huygens probe would be close enough to a lightning flash to record these sounds. On the other hand, this microphone would likely hear the pinging of liquid methane raindrops hitting the probe.
Conclusions
If Titan has lightning and Huygens succeeds in transmitting the sounds of thunder from that frigid moon, any listener on Earth will be reminded of summer afternoons with pouring rain and crashing lightning. Other parallels between terrestrial lightning and lightning on other planets could also be made. On Earth, lightning changes the atmospheric composition, powers the global electric circuit and induces electron precipitation and in other ways alters the magnetosphere and excites Schumann resonances. Lightning is known to also drive chemistry on Jupiter and possibly Titan; perhaps each of the other effects of lightning also takes place on all three worlds. Lightning on Earth also generates whistlers and sferics. Whistlers have been recorded at Jupiter and possibly at Neptune, while sferics have been recorded at Saturn and Uranus. Radio signals possibly generated by lightning have been recorded at Venus.
Why some planets emanate radio signals from lightning only as VLF whistlers while other planets only as HF sferics is one question where comparisons of lightning on Earth and other planets can aid in understanding the basics of the lightning discharge. As Farrell (2000) has argued, the differences in received signals may be a consequence of the duration of the electric discharge, with fast discharges radiating in the HF range and slow discharges radiating more in the VLF. The range of discharge times would have to be quite large, from nanoseconds at Saturn to milliseconds at Jupiter, and a simple physical explanation for this is not forthcoming. Nevertheless, sprites on Earth are observed to discharge over milliseconds, as opposed to microseconds for cloud-to-ground strikes, and progress in the field of planetary lightning may help to resolve this terrestrial enigma.
The interplay between the studies of terrestrial lightning and lightning at other planets has been even more productive when comparing charging mechanisms. Extensive research on cloud electrification on Earth has led to a most probable charging mechanism: collisions between ice crystals and riming graupel. This same charging mechanism has been applied to Jupiter's water clouds and has resulted in models that appear largely consistent with observations of Jovian lightning (Yair et al 1995b; Gibbard et al 1995) . Similar models have not been applied as successfully to Neptune (Gibbard et al 1999) , and perhaps the dispersed emissions at Neptune are really of magnetospheric origin (Farrell 1996) . Theoretical models have been constructed for lightning at Titan , and have been used to predict what Cassini and Huygens will detect at Titan in 2005 (Lammer et al 2001) . Titan's atmosphere is devoid of water, but terrestrial experience again points to a possible charging mechanism, downward convection of negative charge produced by cosmic-ray ionizations. Other charging mechanisms found on Earth may have relevance in other environments. Triboelectric charging of colliding particles, inferred to occur in volcanic eruptions and sand storms on Earth, may have applied in the dusty gas of the solar nebula, generating lightning at the birth of the solar system (Pilipp et al 1998; Desch and Cuzzi 2000) . Better understanding of the charging mechanisms in Earth's different environments would aid greatly in understanding lightning elsewhere in the solar system. These comparative studies are especially important in understanding the role lightning plays in atmospheric chemistry. Lightning on Earth fixes nitrogen and produces ozone, on Jupiter it produces acetylene and nitriles, and on Titan possibly produces ethylene and nitriles. Nitrogen fixation and UV shielding by ozone allow plants and animals to survive today, but lightning may have had an even greater chemical role in Earth's past. It has been known since the Urey-Miller experiments (Miller 1953 ) that out of lightning's destructive chemistry, new molecules can arise, including amino acids. This question can be addressed by studying Titan, whose current atmosphere probably resembles the atmosphere of Earth's early history (e.g. Gupta et al 1981) . Lightning may induce the same chemistry in Titan's atmosphere that it once did on the early Earth, and the Huygens probe may address some of the unsolved questions about the origin of life on Earth. It may be that lightning, for all its destructive power, also has the power to create.
